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and  GAK  inhibitor  with  good  kinase  activity  and  selectivity  and  potent  antiviral  activity.  We  are  now  advancing 
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1.  INTRODUCTION: 


Emerging  viruses,  sueh  as  dengue  (DENY),  ehikungunya  (CHIKV),  and  Ebola  (EBOV),  pose  major  threats  to 
military  and  global  health.  There  are  no  approved  drugs  or  vaeeines  available  against  these  viruses.  The  eurrent 
“one  drug,  one  threat”  approaeh  to  drug  development  is  slow  and  expensive  and  is  therefore  not  easily  sealable 
to  meet  the  large  unmet  elinieal  need.  Our  overall  goal  is  to  develop  broad-speetrum  antiviral  drugs  with  a  high 
genetie  barrier  to  resistance  by  targeting  host  proteins  that  are  critical  to  the  life  cycle  of  multiple  viruses.We 
discovered  an  Achilles'  heel  of  multiple  unrelated  viruses:  a  requirement  for  AP2- associated  protein  kinase  1 
(AAKl)  and  cyclin  G-associated  kinase  (GAK),  host  kinases  that  regulate  clathrin  adaptor  proteins-mediated 
pathways.  Our  data  point  to  AAKl  and  GAK  as  "master  regulators"  of  viral  infection  and  attractive  targets  for 
broad-spectrum  antivirals.  We  discovered  that  approved  anticancer  drugs  that  target  these  kinases;  sunitinib 
and  erlotinib,  potently  inhibit  replication  of  multiple  viruses  in  vitro  and  reduce  mortality  in  mice  infected  with 
DENY  and  EBOY.  This  approach  is  being  advanced  into  clinical  trials  for  both  of  these  indications. 
Nevertheless,  potential  toxicity  resulting  from  inhibition  of  other  host  cell  kinases  by  these  non-selective 
inhibitors  may  limit  their  use.  The  goals  of  this  project  are  to  optimize  novel,  chemically  distinct,  selective  lead 
AAKl  and  GAK  inhibitors,  already  demonstrating  great  promise  against  DENY,  and  advance  their 
development  to  a  pre-IND  stage.  This  approach  would  also  protect  against  biothreat  agents  from  multiple  other 
viral  families,  including  EBOY  and  CHIKY. 

2.  KEYWORDS: 

Antivirals,  kinase  inhibitors,  dengue  virus,  Ebola  virus,  broad- spectrum  antivirals,  host-targeted  antivirals 


3.  ACCOMPLISHMENTS: 

The  major  goals  of  the  project  and  the  accomplishments  under  these  goals 

Specific  Aim  I:  Optimize  lead  inhibitors  of  AAKl  and/or  GAK  and  maximize  their  therapeutic 
index. 

Proposed  tasks  and  milestones  (approved  SOW) 


Time¬ 

line 

(months) 

Site 

1 

Site 

2 

Site 

3 

Site 

4 

Major  Task  I:  Optimize  the  metabolic  stability  and 
pharmacokinetic  (PK)  properties  of  the  current  leads. 

Subtask  1:  Synthesize  focused  sets  of  analogs. 

1-28 

Einav 

Herdewijn 

Sub  task  2:  Measure  their  affinity  of  binding  to  AAKl  and 

GAK  or  kinase  activity. 

1-30 

Einav* 

Subtask  3:  Determine  their  in  vitro  metabolic  stability, 
aqueous  solubility,  absorption,  and  stability  in  mouse  and 
human  plasma. 

3-30 

Einav* 

Subtask  4:  Determine  their  selectivity  and  mode  of  binding  to 
AAKl  and/or  GAK. 

6-30 

Einav* 

Milestone  achieved:  At  least  one  AAKl  and/or  one  GAK 
inhibitor  that  is  metabolically  stable  and  maintains  its  kinase 
activity  and  selectivity  are  identified. 

14 

Major  Task  I  achievments 
GAK  inhibitors 


1 


As  mentioned  in  the  grant  proposal,  a  dual  strategy  was  followed  in  order  to  improve  the  antiviral  activity 
and  metabolic  stability  of  the  lead  GAK  inhibitors. 

a)  Structural  modifications  of  the  substitution  pattern 

Structural  variation  of  the  substituents  was  focused  on  the  morpholine  moiety  at  position  3  of  the 
isothiazolo[4,3-b]pyridine  scaffold,  whereas  the  substituent  at  position  6  was  fixed  as  a  3,4-dimethoxyphenyl 
residue.  Using  a  synthetic  procedure  developed  by  us  before  (7.  Med.  Chem.  2015,  23,  3393),  a  variety  of 
nucleophiles  was  introduced  (Table  1).  Replacement  of  the  morpholine  by  a  homomorpholine  led  to  a  100- 
fold  decreased  GAK  affinity,  although  the  antiviral  activity  was  maintained.  A  number  of  substituted 
morpholine  analogues  was  also  made.  Excitingly,  the  2,6-c/5-dimethyl  morpholine  derivative  (designated 
2787)  is  very  promising,  because  of  its  potent  antiviral  activity  (see  Table  2  and  Task  2  below).  2787  turned 
out  to  be  quite  selective,  when  evaluated  against  the  full  kinome  (KINOMEscan,  selectivity  score  (S35)  of 
0.057).  Moreover,  the  in  silico  parameters  of  this  compound  and  early  metabolic  profiling  show  favorable 
characteristics  (Table  2).  Notably,  this  compound  has  been  upscaled  to  enable  in  vivo  testing 
(pharmacokinetics  and  antiviral  activity  in  a  mouse  model  of  dengue  virus  infection).  The  insertion  of  other 
saturated  heterocycles  (thiomorpholine,  piperidine,  piperazine,  tetrahydropyranylamino)  afforded  compounds 
with  decreased  GAK  affinity  and/or  decreased  antiviral  activity. 


Table  1:  Representative  SAR  at  position  3  of  the  isothiazolo[4,3-b]pyridine  scaffold 


R3 

GAK  Kd 
(HM) 

Dengue  ECso 
(HM) 

Dengue  EC90 
(HM) 

CC50  (pM) 

0 

0.009 

1.6 

10.89 

>25 

Q 

0.19 

2 

4.146 

>10 

0.046 

0.76 

2.74 

21.5 

0.019 

1.8 

5.93 

20.68 

o . 

0.026 

1 

2,76 

>25 

0.035 

0.84 

3.92 

4.14 

N--, 

7/- 

0.089 

0.87 

1.92 

>25 

0 

0.061 

5.28 

>10 

>10 

0.8 

>10 

>10 

>10 

Q 

0.018 

0.47 

1.34 

6.32 

0.17 

ND^ 

ND" 

ND" 

0 

0 

0.21 

5.31 

>10 

>10 

0.08 

>20 

>20 

>20 

2 


6 

0.97 

5.72 

>10 

>10 

9. 

4.3 

>10 

>10 

>10 

Q 

NH2 

1.6 

6.38 

>10 

>10 

99=0 

H 

0.052 

4.031 

>10 

>10 

ND  :  not  determined  yet. 

Table  2:  Chemical  structure  and  profile  of  2787  (an  improved  selective  GAK  inhibitor). 


^0 

2787  Xl/-.  M 

1  JT  s 

N-, 

Target 

GAK  Kd 

89  nM 

DENV 

EC5o=1.215  uM;  CC5o»20  [iM 

EBOV 

EC5o=1.5  uM;CC5o»20  uM 

CHIKV 

EC50=0.8  uM;  CC50»20  uM 

Selectivity 

Selective  score  (S35) 

0.057 

Metabolism 

Clint  (ul/min/mg) 

180.9 

Tl/2  (min) 

38 

ADME 

Permeability  (Papp) 

31.3X  10®cm/s 

Efflux  ratio 

0.58 

In  silico 

MW 

370.47 

PSA 

72.44 

cLogP 

3.33 

b)  Scaffold  modifications 

Up  to  now,  1 1  novel  core  structures,  closely  related  to  the  parent  isothiazolo[4,3-b]pyridine  scaffold  have  been 
synthesized  (Table  3).  A  morpholino  at  position  3  was  the  preferred  choice,  as  this  was  shown  earlier  to  be 
associated  with  potent  GAK  affinity  and  antiviral  activity.  However,  for  some  scaffolds  it  turned  out  to  be 
very  difficult  to  introduce  morpholine  (either  by  nucleophilic  aromatic  substitution  or  by  a  palladium- 
catalyzed  cross-coupling  reaction),  and  therefore  for  this  series  a  phenyl  moiety  was  introduced  by  a  classical 
Suzuki  reaction.  The  same  phenyl  ring  was  also  appended  on  the  isothiazolo[4,3-b]pyridine  scaffold.  It  allows 
for  direct  comparison  between  different  scaffolds,  keeping  an  identical  substitution  pattern.  As  can  be  derived 
from  the  data  in  Table  3,  most  of  the  compounds  showed  less  affinity  for  the  GAK  enzyme,  when  compared 
to  the  corresponding  isothiazolo[4,3-b]pyridines.  Exceptions  are  the  pyrazolo[  1,5 -a] pyrimidine  and  the 
imidazo[4,5-b]pyridine  core  structures  that  are  equally  potent  with  the  reference  compound  (i.e.  Kd  values 
around  0.5  pM). 

Table  3:  Scaffold  variation  of  lead  GAK  inhibitors 
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Scaffold 

Structure 

GAK 

Kd 

(dM) 

Scaffold 

Structure 

GAK 

Kd 

(dM) 

isothiazolo[4,3- 
bjpyridine 
(reference  cpd) 

"^0 

1  L  s 

0 

0.052 

isothiazolo[4,3- 
bjpyridine 
(reference  cpd) 

"^0 

I  jr 's 

0.77 

pyrido[2,3- 

djpyrimidin 

"^0 

0 

20 

pyrazolo[l,5- 
a]  pyrimidine 

0 

\ 

0.61 

pyrido[3,2- 

d]pyrimidin-4 

CXVt". 

0 

7.3 

pyrrolo[3,2- 

bjpyridine 

0 

\ 

4 

quinazoline 

'"0 

0 

0.62 

triazolo[4,5- 

bjpyridine 

OCH3 

H3CO..J-. 

I  f  'N 

6 

>30 

imidazo[l,2- 

bjpyridazin- 

N  ^ 

N-~~. 

2.2 

imidazo[4,5- 

bjpyridine 

OCH3 

6 

0.14 

isothiazolo[3,4- 

bjpyridin 

r  r___^s 

N--, 

0 

3.9 

pyrazolo[4,3- 

bjpyridine 

0 

\ 

1.7 

thieno[3,2- 

bjpyridine 

'^0 

ND^ 

®ND  :  not  determined  yet. 


Despite  the  poor  GAK  affinity  of  most  of  these  derivatives,  all  compounds  were  evaluated  for  antiviral  activity 
against  DENY.  Whereas  all  the  scaffold  modified  analogues  lacked  antiviral  activity,  the  quinazoline  analogue 
(designated  2608)  was  endowed  with  promising  activity  against  the  dengue  virus  (EC50  =  0.54  pM;  EC90  = 
0.74  pM  ;  CC50  >  10  pM)  (see  Table  4  and  Task  2  below).  Remarkably,  this  compound  also  showed 
reasonable  binding  affinity  for  AAKl  (Kd  =  2.5  pM).  This  dual,  although  rather  weak,  binding  affinity  for 
GAK  and  AAKl  likely  explains  the  potent  antiviral  activity  of  this  compound.  In  addition,  this  analogue 
turned  out  to  be  quite  selective,  when  evaluated  against  the  full  kinome  (KINOMEscan,  selectivity  score  (S35) 
of  0.07). 

We  will  be  synthesizing  a  number  of  derivatives  of  2608  and  testing  them  for  antiviral  activity  in  the  upcoming 
year. 
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Table  4:  Chemical  structure  and  profile  of  2608  (a  novel  dual  AAKl/GAK  inhibitor). 


2608 

0 

C) 

Target 

GAK  Kd 

0.62  pM 

AAKl  Kd 

2.5  pM 

Antiviral 

DENV 

EC5o=0.5pM,  CC50  >10pM 

CHIKV 

EC5o=0.8pM,  CC50  >10pM 

Selectivity 

Selectivity  Score  (S35) 

0.077 

ADME 

Permeability  (Papp) 

46.72  X  10®cm/s 

Efflux  ratio 

0.73 

In  silico 

MW 

351.41 

PSA 

55.65 

cLogP 

2.82 

AAKl  inhibitors 


As  mentioned  in  the  grant  application,  we  have  previously  identified  potent  AAKl  inhibitors  (IC50<10nM), 
which  were  originally  developed  by  Lexicon  Pharmaceuticals  for  treating  pain  and  Parkinson’s  disease.  We 
demonstrated  their  activity  against  DENY.  The  project  started  with  structural  simplification  of  the  substituents 
as  this  will  enable  easier  scaffold  comparison  (Figure  1).  Hence,  the  chiral  aminopyrrolidine  group  was 
replaced  by  an  achiral  piperazine  ring,  and  a  phenyl  moiety  was  introduced  instead  of  the  2-methoxy-pyridyl 
ring.  Both  compounds  were  endowed  with  very  potent  binding  affinity  for  AAKl,  but  only  showed  mediocre 
antiviral  activity  against  the  dengue  virus  (EC50  values  in  the  3-5  pM  range).  We  suspect  that  reduced 
permeability  and  limited  selectivity  caused  this  decline  in  antiviral  activity. 


P~^ 


N  N 


N 

\ 


.0  ^ 


N 


AAKl  Kd  =  ?  ^JM 


Figure  1:  Structural  simplification  of  Eexicon  AAKl  inhibitors 

In  search  for  novel  and  patentable  chemical  matter,  a  few  novel  scaffolds  were  evaluated.  Unfortunately,  these 
compounds  displayed  at  least  a  100-fold  loss  in  AAKl  affinity  (Figure  2). 


r^N  N 

ll  'n 


N  N 


AAK1  Kd  >  10  pM 


Figure  2:  Scaffold  variation  of  the  Eexicon  compounds 

Based  on  these  data  and  the  extensive  patent  literature  analysis,  it  became  clear  that  it  will  be  difficult  to  come 
up  with  novel,  potent  and  patentable  AAKl  inhibitors  based  on  the  Eexicon  lead  compounds.  Therefore,  an 
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alternative  starting  point  for  the  discovery  of  antivirally  active  AAKl  inhibitors  was  sought.  7-Aza- indole 
(Table  5)  was  found  to  be  a  useful  hit.  It  displays  an  AAKl  Kd  value  of  0.12  pM.  Despite  this  only  rather 
weak  binding  affinity,  it  still  displays  antiviral  activity  against  DENY  (EC50  =  8.4  pM),  and  lacks  cytotoxicity 
(CC50  >  50  pM)  (see  Task  2  below).  Currently,  chemistry  efforts  are  focused  on  structural  variation  of  this  hit 
compound  (variation  of  the  4-cyanophenyl  and  the  amide  moieties). 

Table  5;  Chemical  structure  and  properties  of  7-aza-indole  based  AAKl  inhibitor 


0 

7-aza 

H 

Target 

AAKl  Kd 

120  nM 

DENV 

EC5o=8  uM;  CC5o»50  [iM 

EBOV 

EC50=10  uM;  CC50»50  uM 

CHIKV 

EC50=8  uM;  CC50»50  uM 

VEEV 

2-4  log  reduction,  no  toxicity 
at  lOuM 

ADME 

Permeability  (Papp) 

14.72  X  10®cm/s 

Efflux  ratio 

3.56 

In 

silico 

MW 

339.36 

PSA 

89.64 

cLogP 

2.51 

Milestone  achieved: 

i.  One  GAK  inhibitor  with  improved  antiviral  activity  (see  below)  combined  with  improved  metabolic 
stability  in  vitro  and  good  kinase  activity  and  selectivity  identified. 

ii.  A  novel  scaffold  of  AAKl  inhibitors  identified. 

hi.  One  dual  AAKl  and  GAK  inhibitor  with  good  kinase  activity  and  good  selectivity  was  identified. 


Time¬ 

line 

(months) 

Site 

1 

Site 

2 

Site 

3 

Site 

4 

Major  Task  2:  Determine  antiviral  activity  of  the  optimized 
compounds  alone  and  in  combinations. 

Sub  task  1:  Determine  the  efficacy  of  the  optimized  leads’ 
against  DENY  in  vitro. 

3-30 

Einav 

Subtask  2:  Establish  expanded  broad-spectrum  potential 
against  at  least  1  viral  threat  that  is  unrelated  to  DENY  by 
evaluating  efficacy  against  EBOY  and  CHIKY  in  vitro. 

3-30 

Dye, 

Brannan 

Milestones  achieved:  1 .  In  vitro  efficacy  against  at  least  1 
DENY  serotype  and  an  unrelated  virus  demonstrated  (with 
EC5o<5pM  and  CCsolOxECso). 

15 

We  have  studied  all  the  compounds  synthesized  in  Task  1  for  their  in  vitro  anti-DENV  activity  and  cellular 
toxicity,  as  proposed.  Huh7  cells  were  infected  with  a  DENV-luciferase  reporter  virus  for  4  hours  followed 
by  treatment  with  increasing  concentraions  of  the  compounds  for  3  days.  DENY  infection  was  measured  by 
luciferase  assays  and  cellular  viability  by  alamarBlue-based  assays  in  the  same  cells.  EC50,  EC90  and  CC50 
values  were  calculated. 

As  discussed  above,  2787  has  emerged  as  an  improved  GAK  inhibitor  and  2608  as  a  promising  dual  AAKl 
and  GAK  inhibitor.  The  kinetics  of  antiviral  activity  of  2787  and  2608  is  much  faster  than  the  parental 
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compounds  (i.e.  their  EC50  and  EC90  are  quite  close  to  each  other)  (Figure  3).  While  the  antiviral  activity 
of  azaindole  (the  novel  AAKl  inhibitor)  is  not  as  potent  as  the  compounds  above,  it  represents  a  a  good 
starting  point  for  further  SAR. 

Excitingly,  in  collaboration  with  the  Dye  lab  (USAMRIID)  and  the  Narayanan  lab  (George  Mason 
University)  all  three  compounds  have  demonstrated  activity  with  no  apparent  toxicity  against  unrelated 
viruses  including  EBOV,  CHIKV  and/or  VEEV  in  vitro  (Tables  2,  4,  5),  attesting  to  their  broad- spectrum 
potential. 


Figure  3.  The  chemical 
structure  and  anti-DENV 
activity  of  3  day  treatment 
with  2787  (GAK  inhibitor), 
2608  (a  dual  AAKl  and 
GAK  inhibitor),  and 
azaindole  (AAKl  inhibitor). 
DENY  replication  was 
measured  in  Huh7  cells  by 
luciferase  assays  (red  circles). 
Cellular  viability  was  measured 
by  alamarBlue-based  assays 
(black).  Results  are  relative  to 
DMSO  controls. 


2787 


Kd  =  0.089piM 
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Lastly,  (with  NIH  support)  we  have  reeently  validated  yet  another  member  of  the  NAK  (Numb-Associated 
Kinases)  family  of  kinases,  namely  BMP2K,  as  a  novel  antiviral  target  for  DENY.  By  integrating  entry,  RNA 
replication  and  infectivity  assays,  we  showed  that  DENY  co-opts  BMP2K  to  mediate  entry  and 
assembly.  Moreover,  we  discovered  that  oxozeanol,  a  compound  undergoing  advanced  clinical  development 
for  cancer  treatment,  has  a  very  potent  activity  against  AAKl,  GAK  and  BIKE.  Indeed,  oxozeanol 
demonstrated  very  potent  activity  against  DENY  in  vitro  (Figure  4).  Notably,  oxozeanol  also  demonstrated 
potent  activity  against  EBOY  and  MARY  in  vitro.  Moreover,  treatment  with  oxozeaenol  reduced 
phosphorylation  of  AP-2  (a  known  phosphorylation  target  of  BMP2K,  AAKl  and  GAK)  and  its  antiviral 
activity  was  reversed  by  overexpression  of  BMP2K,  thereby  validating  BMP2K  as  a  relevant  molecular  target. 
Oxozeaenol  thus  represents  another  opportunity  to  repurpose  an  EDA  approved  drug  as  an  antiviral  as  well  as 
a  lead  molecule  for  further  development  of  additional  pan-NAK  inhibitors. 


kinase  activation  (%) 

AAKl 

13 

BIKE 

3.8 

GAK 

10 

Oxozeaenol  (|iM) 


P-AP2 

AP2 

Actin 


1.0  .02  .02  PAP2/AP2 


7-Z-Oxozeaenol 


Concentration  (pM) 


Oxozeaenol  (|a.M  ) 


Figure  4.  Oxozeaenol  is  a  pan-NAK  inhibitor  with  broad-spectrum  antiviral  activity.  Top  left:  Kd  values 
of  oxozeaenol.  Top  right:  the  anti-DENY  activity  of  3  day  treatment  with  oxozeaenol.  Bottom  left: 

Effect  of  1-hour  treatment  with  oxozeaenol  on  phosphorylation  of  AP2  in  DENY -infected  Huh7  cells 
measured  by  Western  blotting.  The  ratio  of  phospho-AP2  (pAP2)  to  total  AP2  was  quantified.  Bottom 
right:  Rescue  of  DENY  infection  in  the  presence  of  oxozeanol  upon  overexpression  of  WT  BMP2K  via 
induction  with  Doxycycline  (DOX). 

Milestone  achieved: 

ii.  One  GAK  inhibitor  with  improved  broad-spectrum  antiviral  activity  was  identified. 

ii.  A  novel  scaffold  of  AAKl  inhibitors  demonstrating  antiviral  activity  identified. 

iii.  One  dual  AAKl  and  GAK  inhibitor  with  improved  broad- spectrum  antiviral  activity  was  identified. 


Aim  2:  Determine  the  in  vivo  metaholism,  activity,  and  relative  harrier  to  resistance  of  the  AAKl  and 
GAK  inhibitors. 

Proposed  tasks  and  milestones  (approved  SOW) 
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Time¬ 

line 

(months) 

Site 

1 

Site 

2 

Site 

3 

Site 

4 

Major  task  3:  Determine  PK  and  demonstrate  efficacy  with 
no  toxicity  in  best  available  murine  models  of  emerging 
viruses. 

Subtask  1 :  Determine  the  PK  of  optimized  inhibitors  leads 
and  PK-enhanced  compounds  and  their  major  metabolites. 

9-30 

Milestones  Achieved:  i.  AAKl  and  GAK  inhibitors  with 
lengthened  in  vivo  half-life  identified. 

20 

Einav* 

It  has  been  challenging  to  prepare  formulations  for  2787  for  use  in  our  mouse  models.  A  large  number  of 
formulations  has  been  tested  but  the  compound  precipitated  out  of  solution.  Recently,  with  a  help  of  a 
Stanford  SPARK  formulation  consultant,  we  have  succeeded  in  formulating  a  stable  solution  of  2787. 
Moreover,  we  have  synthesized  a  hydrochloride  salt  of  this  molecule  to  improve  its  aqueous  solubilty.  A  PK 
study  in  our  mouse  model  with  these  two  chemical  variants  is  now  ongoing. 


Time¬ 

line 

(months) 

Site 

1 

Site 

2 

Site 

3 

Site 

4 

Major  task  4:  Determine  the  potential  for  emergence  of  drug 
resistance  compared  to  direct  acting  antiviral  (DAAs). 

Subtask  1 :  Identify  phenotypic  and/or  genotypic  resistance  in 
DENY  infected  cells  by  infectivity  assays  and  circular 
sequencing  of  viral  genome,  respectively. 

6-30 

Einav 

Andino, 

Rouzine 

Subtask  2:  Identify  phenotypic  and/or  genotypic  resistance  in 
DENY  infected  AG  129  mice  by  infectivity  assays  and  next 
generation  sequencing  of  viral  genome,  respectively. 

20-36 

Einav 

Andino, 

Rouzine 

Milestones  Achieved:  i.  Delayed  time  to  and  low  level  of 
resistance  demonstrated  in  vitro. 

24 

In  collaboration  with  the  Andino  lab  (UCSF)  we  have  been  conducting  the  in  vitro  assays  to  select  for  viral 
resistant  variants.  We  have  been  serially  passaging  DENY  in  the  presence  of  the  various  compounds  at 
concentrations  between  their  ECso  and  EC90.  Virus  is  being  titered  between  each  passage.  Thus  far  we  have 
not  detected  any  phenotypic  resistance.  In  contrast,  virus  that  is  being  passaged  in  the  presence  of  a  direct 
acting  antiviral  targeting  the  DENY  NS4B  protein,  exhibits  phenotypic  resistance  that  coincides  with  the 
emergence  of  a  previously  characterized  mutation.  We  plan  to  continue  to  passage  the  virus  for  a  total  of  10 
passages  and  then  conduct  the  genotypic  analysis  using  deep  sequencing  approaches,  as  proposed. 

In  paralell,  we  have  recently  completed  5  serial  passages  of  our  already  approved  AAKl  and  GAK 
inhibitors,  sunitnib  and  erlotinib,  in  DENY  infected  mice.  RNA  from  serum  samples  has  already  been 
isolated  and  next-generation  sequencing  is  currently  ongoing.  Once  our  selective  compounds  are  proven 
active  in  vivo,  we  will  then  use  the  same  procedure  to  passage  virus  in  mice  in  their  presence. 

Training  opportunities  that  the  project  provided 

-Students  and  postdoctoral  fellows  at  the  Einav,  Herdewijn,  Andino  and  Dye  labs  are  being  mentored  by  the 
respective  PI  and  benefit  from  interdisciplinary  training  provided  by  this  project.  The  Pis  are  actively 
involved  in  designing  experiments,  data  analysis,  overseeing  the  study  strategies  and  participating  in 
presentations  and  manuscripts  preparation. 
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-The  trainees  at  Stanford  are  enjoying  the  priviledge  of  participating  in  the  Stanford  SPARK  program;  a 
Stanford-based  initiative  aimed  at  translating  targets  to  drugs,  directed  by  Dr.  Mochly-Rosen.  SPARK 
consultants  have  expertise  in  multiple  aspects  of  the  development  process  including  medicinal-chemistry, 
PK/PD,  formulation,  toxicology,  regulatory  process,  and  successful  early  drug  development.  The  trainees 
meet  on  a  weekly  basis  with  this  talented  group  of  consultants.  In  addition,  they  present  their  progress  to  the 
SPARK  medicinal  chemistry  group  every  quarter. 

-  All  the  trainees  on  this  project  have  also  benefited  from  regular  conference  calls,  which  enrich  their 
multidisciplinary  training  opportunities  to  students  and  research  fellows. 

-  Fei  Xiao,  a  postdoctoral  fellow,  attended  the  Annual  meeting  on  HCV  and  related  viruses  this  year,  where 
he  expanded  his  knowledge  about  dengue  virus  and  other  flaviviruses. 

-  The  Stanford  trainees  have  attended  the  annual  Bay  Virology  Symposium,  the  annual  retreats  of  the 
Microbiolgy  Department  and  the  division  of  infectious  diseases,  as  well  as  monthly  seminars  of  the  NIH 
U19  (to  SE)  which  is  focused  on  developing  host-targeted  broad-spectrum  antiviral  approaches. 

-  Lastly,  all  the  Stanford  trainees  attended  a  course  termed  “Discovery  and  Innovation  in  Emerging 
Viral  Infections”  that  Dr.  Einav  directed. 

Dissemination  of  the  results  to  communities  of  interest 

DTRA  has  heard  about  the  activity  of  this  project  and  Dr.  Einav  was  encouraged  to  submit  a 
proposal  focused  on  developing  countermeasures  based  on  AAKl  and  GAK  inhibitors  to  combat 
the  encephalitic  alphaviruses  (VEEV,  EEEV  and  WEEV).  This  grant  proposal  has  been  recently 
reviewed  with  an  outstanding  (fundable)  score  and  is  now  Subject  to  Availability  of  Eunds.  If 
awarded,  this  work  will  be  synergistic,  yet  non-overlapping  with  the  current  work,  as  it  will  expand 
the  scope  of  work  to  other  series  of  compounds  and  modifications  as  well  as  new  disease  models. 

Plans  for  the  next  reporting  period 

1 .  Advancing  2787  and/or  2608  into  mouse  model  experiments.  We  hope  that  the  new  formulations 
we  have  recently  designed  would  allow  us  to  do  so.  PK  studies  are  ongoing. 

2.  Synergy  testing  -  we  plan  to  test  our  lead  AAKl  and  GAK  inhibitors  for  potential  synergy  in 
combination  with  each  other  and  with  other  emerging  anti-DENV  compounds. 

3.  Genotypic  analysis  of  in  vitro  resistance  data  and  initiation  of  in  vivo  resistance  studies. 

4.  Conducting  early  ADME-Tox  studies. 

5.  Studying  MO  A  of  our  lead  molecules. 

4.  IMPACT: 

The  impact  on  the  development  of  the  principal  discipline(s)  of  the  project 

The  identification  of  AAKl  and  GAK  inhibitors  with  improved  broad- spectrum  antiviral  activity  and 
metabolic  stability  is  of  high  impact  as  these  can  be  potentially  advanced  into  mice  experiments.  The 
translational  impact  of  this  work  is  delivering  a  near-clinical  stage  product  for  use  against  DENV  and 
multiple  other  currently  untreatable  biothreats  to  which  our  military  service  members  are  exposed.  Our 
product  is  thus  intended  to  fill  a  large  gap  in  our  biodefense  and  public  health  capabilities  and  meet  the 
biodefense  community’s  objective  of  “one  drug,  multiple  threats”.  Moreover,  our  studies  provide  insight 
into  virus-host  interactions  and  virus  evolution  under  a  host-targeted  approach.  The  long-term  impact  is  that 
a  safe  broad-spectrum  therapeutic  could  be  administered  even  before  a  viral  biothreat  has  been  accurately 
diagnosed,  thereby  improving  protection.  Such  a  therapeutic  can  also  be  used  to  treat  viral  co-infections, 
such  as  DENV-CHIKV,  and  will  position  us  to  combat  newly  emerging  pathogens.  Lastly,  since  AAKl  and 
GAK  are  implicated  in  other  diseases,  such  as  Parkinson’s,  our  compounds  may  find  additional  clinical 
indications  beyond  viral  infections. 
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The  impact  on  other  disciplines 

We  have  shared  our  compounds  with  Dr.  Aarthi  Narayanan  (an  alphavirologist  at  George  Mason  University) 
who  has  demonstrated  potent  activity  against  Venezuelan  Equine  Ecephalitis  (VEEV)  virus;  currently 
untreatable  biothreat  agents  highly  relevant  to  military  personnel. 

The  impact  on  technology  transfer 

Nothing  to  Report. 

The  impact  on  society  beyond  science  and  technology 

Nothing  to  Report. 


5.  CHANGES/PROBLEMS: 

Changes  in  approach  and  reasons  for  change 

There  have  been  no  changes  in  objectives  or  scope.  The  only  minor  technical  change  was  that  we  have 
transitioned  to  work  on  another  chemically  distinct  class  of  AAKl  inhibitors,  as  it  shows  better  performace 
than  the  one  we  originally  proposed  to  develop  (please  see  accomplishment  section  abobe). 

Actual  or  anticipated  problems  or  delays  and  actions  or  plans  to  resolve  them 

There  has  been  no  delay.  We  have  actually  exceeded  our  milestones  for  this  funding  period.  Nevertheless,  as 
discussed  above,  we  have  encountered  some  challenges  with  formulations  of  a  compound  while  attempting 
to  transition  from  in  vitro  to  in  vivo  studies.  We  hope  that  with  the  recent  advice  we  received  from  a  new 
formualtion  consultant  that  is  available  for  us  via  the  Stanford  SPARK  program  we  have  overcome  this 
challenge.  In  paralell,  the  corresponding  hydrochloride  salt  of  this  molecule  was  synthesized  and  may  offer 
an  alternative  path  forward. 

Changes  that  had  a  significant  impact  on  expenditures 

None 

Significant  changes  in  use  or  care  of  human  subjects,  vertebrate  animals,  biohazards,  and/or  select 
agents 

None 

Significant  changes  in  use  or  care  of  human  subjects 

N/A 

Significant  changes  in  use  or  care  of  vertebrate  animals. 

None 

Significant  changes  in  use  of  biohazards  and/or  select  agents 

None 


6.  PRODUCTS: 

Journal  publications: 

Bekermnan  E,  Neveu  G,  Shulla  A,  Brannan  J,  Pu  SZ,  Wang  S,  Xiao  E,  Barouch-Bentoc  R,  Bakken  RR, 
Mateo  R,  Govero  J,  Nagamine  C,  Diamond  M,  De  Jonghe  S,  Herdewijn  P,  Dye  J,  Randall  G,  and  Einav  S. 
Anticancer  kinase  inhibitors  impair  intracellular  viral  trafficking  and  exert  broad-spectrum  antiviral  effects. 
Journal  of  Clinical  Investigation.  2017  Eeb  27.  pii:  89857.  doi:  10.1172/JCI89857.  PMID:  28240606 

This  paper  was  featured  in  Nature  Review  Drug  Discovery.  Sarah  C.  Viral  infections:  Targeting  host 
kinases.  2017  May;16(5):314.  doi:  10.1038/nrd.2017.75.  Epub  2017  Apr  18.  PMID:28417985 
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ORCID  ID): 

0000-0001-6441-4171 

Nearest  person 
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4 
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In  charge  of  coordinating  between  the  teams  on  the  project,  designing 
experiments,  ensuring  research  goals  are  met  in  a  timeley  manner  and 

Project: 

within  budget,  training  the  student  and  postdocs  on  this  project  etc. 

Funding  Support: 

DoD,  MAID,  ACS 

Name: 

Rina  Barouch  Bentov 

Project  Role: 

Research  Associate 

Researcher 

Identifier  (e.g. 
ORCID  ID): 

0000-0002-5964-2329 

Nearest  person 
month  worked: 

6 

Contribution  to 

Rina  is  involved  in  the  mechanistic  studies  in  this  project  -  i.e. 
validation  of  target  modulation,  molecular  target  etc.  She  is  also 

Project: 

assisting  with  the  resistance  assays  and  antiviral  assays. 

Funding  Support: 

DoD,  MAID 

Name: 

Fei  Xiao 

Project  Role: 

Postdoctoral  fellow 
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Researcher 

Identifier  (e.g. 
ORCID  ID): 

0000-0001-7353-2700 

Nearest  person 
month  worked: 

12 

Contribution  to 

Fei  is  involved  in  designing  and  executing  the  antiviral  and  viability 

Project: 

studies,  as  well  as  PK,  in  vitro  metabolic  studies,  and  resistance  assays. 

Funding  Support: 

DoD 
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Sathish  Kumar 

Project  Role: 

Postdoctoral  fellow 

Researcher 

Identifier  (e.g. 
ORCID  ID): 

0000-0001-8875-9537 

Nearest  person 
month  worked: 

2 

Contribution  to 

Sathish  is  helping  with  the  in  vivo  studies  (PK,  resistance  etc)  as  well 

Project: 

as  with  formulations  of  the  compoudns  for  in  vivo  administration. 

Funding  Support: 

DoD,  NIH 

Name: 

Stanford  Schor 

Project  Role: 

MD/PhD  student 

Researcher 

Identifier  (e.g. 
ORCID  ID): 

0000-0001-6470-2130 

Nearest  person 
month  worked: 

1 

Contribution  to 

Has  helped  set  up  AAKl  and  GAK  kinase  assays  and  stable  cells  for 

Project: 

NAK  overexpression. 

Funding  Support: 

Stanford  MSTP  program 

Name: 

Steven  De  Jonghe 
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Co-investigator 

Researcher 

Identifier  (e.g. 
ORCID  ID): 

0000-0002-3872-6558 

Nearest  person 
month  worked: 

4 
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Project: 

Supervising  the  medicinal  chemistry  efforts  of  this  project 

Funding  Support: 

DoD 

Name: 

Junjun  Tian 

Project  Role: 

Postdoctoral  fellow 
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Researcher 

Identifier  (e.g. 
ORCID  ID): 

0000-0002-1907-4427 

Nearest  person 
month  worked: 

12 

Contribution  to 
Project: 

Dr.  Tian  has  been  focusing  on  the  synthesis  of  AAKl  inhibitors,  as 
well  as  on  the  synthesis  of  dual  AAKl/GAK  inhibitors. 

Funding  Support: 

DoD  grant 

Name: 

Randy  Wouters 

Project  Role: 

Doctoral  student 

Researcher 

Identifier  (e.g. 
ORCID  ID): 

0000-0003-2878-6984 

Nearest  person 
month  worked: 

12 

Contribution  to 
Project: 

Mr.  Wouters  contributed  to  the  hit-to-lead  optimization  campaign  of 
GAK  inhibitors. 

Funding  Support: 

FWO  (Fund  for  Scientific  Research  -  Flanders  -  Belgium) 

Name: 

Sven  Verdonck 

Project  Role: 

Doctoral  student 

Researcher 

Identifier  (e.g. 
ORCID  ID): 

0000-0002-6017-2491 

Nearest  person 
month  worked: 

5 

Contribution  to 
Project: 

Mr.  Verdonck  contributed  to  the  hit-to-lead  optimization  campaign  of 
AAKl  inhibitors. 

Funding  Support: 

FWO  (Fund  for  Scientific  Research  -  Flanders  -  Belgium) 

Name: 

Raul  Andino 

Project  Role: 

Co-I 

Researcher 

Identifier  (e.g. 
ORCID  ID): 

5503-9349 

Nearest  person 
month  worked: 

4 

Contribution  to 
Project: 

Dr.  Andino  is  involved  in  the  analysis  of  virus  evolution.  He  and  his  group  is 
determining  whether  Dengue  virus  develop  resistance  to  AAK1  and  GAK 
inhibitors. 

Funding  Support: 

The  Ford  Foundation  (Complete  only  if  the  funding  support  is  provided  from 
other  than  this  award). 

Name: 

Yinghong  Xiao 

Project  Role: 

Postdoctoral  fellow 
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Researcher 

Identifier  (e.g. 
ORCID  ID): 

0000-0002-6850-6521 

Nearest  person 
month  worked: 

5 

Contribution  to 
Project: 

Is  involved  in  the  analysis  of  virus  evolution  under  AAK1  and  GAK  inhibtiors. 

bunding  Support: 

DoD,  MAID 

Changes  in  the  active  other  support  of  the  PD/PI(s)  or  senior/key  personnel: 

Einav: 

Stanford  Bio-X  Interdisciplinary  Initiatives  Seed  Grants  Program  10/01/16-09/30/18  0.1  calendar 

Stanford  Bio-X  Interdisciplinary  Initiative  Program  Award  $100,000/yr 

Einav  (PI);  Khatri,  Quake,  Maecker  (Co-Is) 

Title:  “Better  understanding  and  predicting  viral  sepsis.” 

The  goal  of  this  project  is  to  validate  a  putative  transcriptomic  signature  for  prediction  of  severe  dengue 
in  a  new  cohort  of  patients  from  Colombia. 

NO  OVEREAP 

Eunder:  Stanford  Institute  for  Immunity,  Transplantation,  and  Infection  12/01/16-11/30/18  0.1  calendar 
ITI  seed  grant  $25,000/yr 

Einav  (  PI);  Khatri  (Co-I) 

Title:  “Identification  of  patients  at  risk  of  developing  severe  dengue  infection.” 

The  goal  of  this  project  is  to  monitor  immune  responses  to  dengue  infection  in  a  new  cohort  of  dengue 
patients  in  Colombia 
NO  OVEREAP 

Andino: 

R21  AI129863  (Andino)  9/1/17-8/31/19  0.9  calendar 

NIH/NIAID  $237,750/yr. 

Antiviral  immunity  in  the  Zika  virus  mosquito  vector 

The  goal  of  this  proposal  is  to  examine  the  role  of  piRNAs  in  mosquito  antiviral  immunity  and  to  study 
their  biological  significance,  mechanisms,  and  how  ZIKV  modulate  piRNA  immunity.  Our  experiments 
will  examine  the  relation  between  ZIKV  and  the  mosquito  immune  system.  Specifically,  we  will:  (1) 
antiviral  function  in  the  Ae.  Aegypti-derived  Aag2  cell  and  (2)  identify  and  study  ZIKV  encoded  piRNA 
suppressors. 

Role:  PI 
NO  OVEREAP 


Other  organizations  involved  as  partners: 

We  have  been  collaborating  with  USAMRIID,  KU  Eeuven  and  UCSE  as  per  the  original  proposal. 
Otherwise  there  is  nothing  to  report. 

8.  SPECIAL  REPORTING  REQUIREMENTS 

Partnering  PI  AWARD:  Dr.  John  Dye,  our  Partnering  PI,  has  submitted  a  separate  report  describing  the 
work  conducted  in  his  lab  during  this  award  perion. 


9.  APPENDIX:  Our  paper  recently  published  in  the  Journal  of  Clinical  Investigation. 
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Global  health  Is  threatened  by  emerging  viral  infections,  which  largely  lack  effective  vaccines  or  therapies.  Targeting  host 
pathways  that  are  exploited  by  multiple  viruses  could  offer  broad-spectrum  solutions.  We  previously  reported  that  AAK1  and 
CAK,  kinase  regulators  of  the  host  adaptor  proteins  AP1  and  AP2,  are  essential  for  hepatitis  C  virus  (HCV)  infection,  but  the 
underlying  mechanism  and  relevance  to  other  viruses  or  in  vivo  infections  remained  unknown.  Here,  we  have  discovered  that 
AP1  and  AP2  cotraffic  with  HCV  particles  In  live  cells.  Moreover,  we  found  that  multiple  viruses,  including  dengue  and  Ebola, 
exploit  AAK1  and  GAK  during  entry  and  infectious  virus  production.  In  cultured  cells,  treatment  with  sunitinib  and  erlotinib, 
approved  anticancer  drugs  that  inhibit  AAI<1  or  GAK  activity,  or  with  more  selective  compounds  inhibited  intracellular 
trafficking  of  HCV  and  multiple  unrelated  RNA  viruses  with  a  high  barrier  to  resistance.  In  murine  models  of  dengue  and 
Ebola  infection,  sunitinib/erlotinib  combination  protected  against  morbidity  and  mortality.  We  validated  sunitinib-  and 
erlotinib-mediated  inhibition  of  AAI<1  and  GAK  activity  as  an  important  mechanism  of  antiviral  action.  Additionally,  we 
revealed  potential  roles  for  additional  kinase  targets.  These  findings  advance  our  understanding  of  virus-host  interactions  and 
establish  a  proof  of  principle  for  a  repurposed,  host-targeted  approach  to  combat  emerging  viruses. 


Introduction 

A  major  threat  to  human  health  is  posed  by  emerging  viruses,  such 
as  dengue  (DENY)  and  Ebola  (EBOV).  Dengue  is  estimated  to  infect 
390  million  people  annually  in  over  100  countries  (1).  Dengue  fever 
can  progress  to  a  life-threatening  disease,  known  as  severe  den¬ 
gue,  particularly  upon  a  secondary  infection  with  a  heterologous 
DENY  strain.  Consequently,  development  of  a  dengue  vaccine  has 
been  hampered  by  the  necessity  to  generate  simultaneous  protec¬ 
tion  against  4  distinct  DENY  serotypes  (2).  As  a  further  challenge, 
recent  studies  have  suggested  that  preexisting  DENY  immunity 
may  enhance  Zika  virus  (ZIKY)  infection  and  vice  versa,  and  con¬ 
sequently  increase  disease  severity  (3-5).  While  an  Ebola  vaccine 
has  shown  promise  recently  (6),  it  is  not  yet  approved.  Moreover, 
no  effective  antiviral  treatment  is  available  against  DENY,  EBOY, 
ZIKY,  and  most  other  emerging  viral  pathogens,  leaving  the  global 
population  at  risk  for  significant  morbidity  and  mortality. 

Most  antiviral  therapies  approved  to  date  target  viral  enzymes 
(e.g.,  protease  or  polymerase)  via  a  “one  drug,  one  bug”  approach. 
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This  approach  has  demonstrated  measurable  success  in  treating 
chronic  viral  infections,  such  as  hepatitis  C  virus  (HCY).  However, 
such  an  approach  to  drug  development  is  inefficient,  expensive, 
and,  therefore,  not  easily  scalable  to  address  the  large  unmet 
clinical  need  (7).  Moreover,  targeting  vitally  encoded  factors  by 
monotherapy  often  is  associated  with  rapid  emergence  of  dmg 
resistance  (7).  One  alternative  approach  to  treating  viral  infections 
while  increasing  the  barrier  to  resistance  is  to  target  host  func¬ 
tions,  which  the  viruses  intimately  rely  on  (7).  Moreover,  focus¬ 
ing  on  host  factors  commonly  required  by  multiple  viral  patho¬ 
gens  could  provide  broad-spectrum  coverage.  The  host-targeted 
approach  is  attractive,  particularly  for  the  treatment  of  emerging 
viral  infections  lacking  any  treatment,  given  the  opportunities  to 
repurpose  already  existing  drugs  that  are  known  to  modulate  spe¬ 
cific  host  functions  with  tolerable  side  effect  and  toxicity  profiles. 

Intracellular  membrane  traffic  is  one  of  many  cellular  processes 
hijacked  by  viruses.  Membrane  traffic  relies,  in  part,  on  the  interac¬ 
tions  between  adaptor  protein  complexes  (API  through  APS)  and  the 
transmembrane  cargo.  The  well-characterized  clathrin-associated 
APs,  API  and  AP2,  are  heterotetrameric  complexes,  which  orches¬ 
trate  the  formation  of  vesicles  destined  for  bidirectional  transport 
in  the  secretory  pathway  and  for  endocytosis  from  the  plasma  mem¬ 
brane,  respectively  (8).  The  2  host  cell  kinases  AP2-associated  pro¬ 
tein  kinase  1  (AAKl)  and  cyclin  G-associated  kinase  (GAK)  regulate 
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Figure  1.  API  and  AP2  cotraffic  with  HCV  and  orchestrate  infection.  (A)  Confirmation  of  gene  expression  knockdown  by  Western  biot  in  Hub7.5  ceiis  stabiy 
expressing  AP  sbRNA  or  nontargeting  controi  (NT).  (B)  Entry  of  HCV  pseudoparticies  (HCVpp)  was  measured  by  iuciferase  assays  at  48  hours  after  infec¬ 
tion.  (C)  HCV  RNA  repiication  measured  via  iuciferase  assays  72  hours  after  HCV  RNA  eiectroporation.  (D)  HCV  infectivity  measured  via  iuciferase  assays  by 
inocuiation  of  naive  ceiis  with  iysates  (intraceiiuiar)  and  supernatants  (extraceiiuiar)  from  eiectroporated  ceiis.  (E)  API  ectopic  expression  foiiowing  trans¬ 
fection  of  Huh7.5  ceiis  with  CLuc-tagged  WT,  T144A  API,  or  an  empty  controi;  biotted  with  anti-CLuc  antibody.  (F)  HCV  intra-  and  extraceiiuiar  infectivity 
in  API-overexpressing  ceiis  versus  controi.  Shown  are  means  ±  SD  (n  =  3-10).  (C)  Representative  iive  ceii  fluorescence  microscopy  montages  of  TC-core 
HCV  (green)  cotrafficking  with  API-  and  AP2-mCherry  (red).  Distance  traveled  (pm)  and  time  elapsed  (minis)  during  video  acquisition  are  indicated.  (H) 
Quantification  of  motile  TC-core  puncta  cotrafficking  with  API,  AP2,  and  LC3.  (I)  Quantification  of  distance  traveled  per  acquisition  of  WT  or  Y13GA  mutant 
TC-core  HCV  associated  with  AP2.  (J)  Quantification  of  distance  traveled  per  acquisition  of  TC-core  HCV  associated  with  API  or  AP2  upon  treatment  with 
sunitinib  (4  pM)  and  erlotinib  (10  pM),  Results  in  B-D  and  F  represent  data  pooled  from  at  least  2  independent  experiments  each  with  S-1D  biological 
replicates.  H-J  are  representative  experiments  out  of  at  least  3  conducted.  Shown  are  means  ±  SD;  ***P  <  0.001  relative  to  corresponding  NT  (B-D),  empty 
vector  control  (F),  WT  TC-core  (I),  or  vehicle  control  (J)  by  1-way  ANOVA,  followed  by  Dunnett's  (B,  D,  and  J)  or  Tukey's  (F)  multiple  comparisons  test  or 
2-tailed  unpaired  ttest  (I). 


receptor-mediated  endocytosis  and  rraM5-Golgi  network  (TGN) 
transport  (9-12).  Specifically,  AAKl  and  GAK  phosphorylate  the  p 
subunits  of  API  and  AP2,  thereby  enhancing  their  binding  affinity  for 
sorting  motifs  within  the  cargo  (9, 10, 13-15).  Moreover,  GAK  recruits 
clathrin-associated  APs  to  the  plasma  membrane  and  TGN  (16). 

Other  groups  have  implicated  APs  in  the  life  cycle  of  mul¬ 
tiple  unrelated  viruses  (17-26),  and  we  reported  roles  for  AP2  in 
HGV  entry  and  assembly  (22,  23).  Our  work  demonstrated  that 
through  AP2  phosphorylation,  AAKl  and  GAK  regulate  these 
temporally  distinct  steps  of  the  HGV  life  cycle,  thereby,  for  the 
first  time,  uncovering  their  role  as  “master  regulators”  of  a  viral 
infection  (22,  23).  Moreover,  we  reported  that  sunitinib  and  erlo¬ 
tinib,  approved  anticancer  drugs  with  potent  binding  to  AAKl  and 
GAK  (dissociation  constant  [KJ  of  11  and  3.1  nM,  respectively;  ref 
27),  or  selective,  chemically  distinct  GAK  inhibitors,  block  HGV 
entry  and  assembly  in  tissue  culture  (22,  23,  28).  Although  clath- 
rin  APs  are  presumed  to  mediate  intracellular  viral  trafficking, 
this  hypothesis  has  not  been  addressed  in  live  cells.  Moreover,  the 
roles  of  AAKl  and  GAK  in  viral  infections  beyond  HGV  and  their  in 


vivo  functional  relevance  remain  unknown.  In  the  present  study, 
we  demonstrate  a  role  for  AAKl-  and  GAK-regulated  API  activ¬ 
ity  in  HGV  release  and  document  that  HGV  particles  specifically 
cotraffic  with  API  and  AP2  in  live  cells.  We  also  show  a  require¬ 
ment  for  AAKl  and  GAK  in  the  life  cycles  of  DENV  and  EBOV. 
Furthermore,  we  provide  support  for  the  feasibility  of  repurpos¬ 
ing  sunitinib/erlotinib  combination  as  a  broad-spectrum  antiviral 
approach  using  in  vitro  models  of  multiple  viral  infections  and 
murine  models  of  DENV  and  EBOV.  Lastly,  we  characterize  the 
mechanism  of  action  of  sunitinib  and  erlotinib  by  validating  AAKl 
and  GAK  as  critical  mediators  of  the  antiviral  effect  and  reveal¬ 
ing  additional  potential  antiviral  host  targets,  which  include  AXL 
receptor  tyrosine  kinase  (AXL),  KIT  proto-oncogene  receptor 
tyrosine  kinase  (KIT),  and  the  proto-oncogene  RET. 

Results 

APs  cotraffic  with  HCV  and  orchestrate  infection.  To  determine  the 
differential  roles  of  API  and  AP2  in  HGV  infection,  we  examined 
the  effect  of  depleting  their  p  subunits  in  Huh7.5  human  hepatoma 
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Figure  2.  AP1,  AP2,  and  their  reguiatory  kinases,  AAK1  and  GAK,  are  essentiai  for  DENV  infection  in  vitro.  (A  and  E)  Confirmation  of  stable  shRNA- 
mediated  (A)  or  transient  siRNA-mediated  (E)  gene  expression  silencing  by  Western  blot  in  Hub?  cells.  (B  and  C)  DENV  entry  measured  via  luciferase  assay 
G  hours  after  infection.  (C  and  H)  DENV  RNA  replication  monitored  by  luciferase  activity  every  24  hours  following  transfection  of  Hub?  cells  with  a  Tet- 
inducible  DNA-launched  DENV  replicon  and  induction  by  doxycycline  for  G  hours  (GND  is  a  replication-incompetent  DENV).  Data  are  normalized  to  signal 
at  24  hours.  (D  and  I)  Infectious  DENV  production  measured  via  luciferase  assays  by  inoculation  of  naive  cells  with  supernatants  from  stable  or  siRNA- 
transfected  cells  48  hours  after  electroporation  with  DENV  RNA.  (F)  Relative  cell  viability  following  gene  expression  knockdown  measured  by  alamarBlue 
assays.  (J  and  K)  Cell  viability  (blue)  and  dose  response  of  DENV  infection  (black)  to  more  selective  AAK1  {])  and  GAK  (K)  inhibitors  (structures  shown) 
measured  by  luciferase  assays  48  hours  after  infection.  Data  are  plotted  relative  to  vehicle  control.  Shown  are  representative  experiments  from  at  least  2 
conducted.  Individual  experiments  in  B-D  and  F-K  had  8-10  biological  replicates;  shown  are  means  ±  SD;  ***P  <  0.001  relative  to  corresponding  NT  control 
by  1-way  ANOVA  (B,  D,  F,  G,  and  I)  or  2-way  ANOVA  (C  and  H),  followed  by  Dunnett’s  multiple  comparisons  test. 


cells  on  distinct  steps  of  the  viral  life  cycle.  Successful  depletion  of 
each  targeted  AP  was  confirmed  (Figure  lA),  with  no  alteration  in 
the  expression  of  the  nontargeted  AP  (data  not  shown) .  AP2  deple¬ 
tion  reduced  HCV  entry,  had  no  effect  on  HCV  RNA  replication, 
and  reduced  HCV  assembly  (i.e.,  reduced  intra-  and  extracellular 
infectivity  in  lysates  and  culture  supernatants  derived  from  HCV- 
transfected  cells,  respectively),  as  we  previously  reported  (Fig¬ 
ure  1,  B-D,  and  refs.  22,  23).  In  contrast,  API  depletion  reduced 
extracellular  infectivity  only  (Figure  1,  B-D),  consistent  with  a 
defect  in  viral  release,  in  agreement  with  prior  reports  (29,  30).  To 
test  whether,  in  addition  to  AP2  (22),  phosphorylation  of  API  by 
AAKl  and  GAK  is  important  for  infectious  HCV  production,  we 
studied  the  effect  of  overexpressing  phosphorylation  site  mutant 
API  (T144A)  on  HCV  infectivity  (Figure  IE  and  ref  31).  Intracel¬ 


lular  infectivity  was  not  affected  by  overexpression  of  either  WT 
or  T144A  API  (Figure  IF).  In  contrast,  extracellular  infectivity 
increased  upon  ectopic  expression  of  WT  API  and  decreased  with 
ectopic  expression  of  T144A  API  (Figure  IF).  Thus,  viral  release 
emerges  as  yet  another  step  of  the  HCV  life  cycle,  beyond  entry 
and  assembly,  which  is  regulated  by  AAKl  and  GAK. 

While  APs  were  postulated  to  directly  mediate  intracellular 
viral  trafficking,  this  has  never  been  addressed  experimentally  in 
live  cells  with  any  virus.  To  test  the  hypothesis  that  HCV  particles 
shuttle  with  clathrin  APs  intracellularly,  we  used  live  cell  imaging. 
The  cotrafficking  of  individual,  infectious  HCV  particles  harbor¬ 
ing  a  tetracysteine  (TC)  tag  within  the  core  protein  (TC-core)  with 
API-  or  AP2-mCherry  was  monitored  (32).  We  previously  have 
shown  that  TC-core  motility  requires  HCV  virion  assembly  (32). 


jci.org 


3 


JCI 


RESEARCH  ARTICLE 


The  Journal  of  Clinical  Investigation 


Passage  number 


Figure  3.  Sunitinib  and  erlotinib  have  a  synergistic  anti-DENV  effect  and  a  high  genetic  barrier  to  resistance  in  vitro.  (A)  Chemical  structures  of  the  indi¬ 
cated  drugs.  (B  and  C)  Cellular  viability  (blue)  and  dose  response  of  overall  DENV  infection  (black)  to  sunitinib  and  erlotinib  measured  by  luciferase  assays 
at  48  hours  after  infection.  Data  are  plotted  relative  to  vehicle  control.  (D  and  E)  Synergy/antagonism  at  the  95%  Cl  of  sunitinib/erlotinib  combination 
treatment  on  antiviral  effect  (D)  and  cellular  viability  (E)  computed  by  MacSynergy  II.  (F)  □ENV4  was  used  to  infect  Huh7  cells  and  passaged  every  72  hours 
by  inoculation  of  naive  cells  with  equal  volumes  of  viral  supernatants  under  DMSO  treatment  or  selection  with  sunitinib  and  erlotinib  (SM  +  E)  or  SDM25N 
(DENV  NS4B  inhibitor)  increasing  from  0.5  to  2.5  pM  over  8  passages.  Viral  titers  were  measured  by  plaque  assays  at  every  other  passage.  Dashed  line 
represents  assay  detection  limit.  Results  in  B  and  C  represent  data  pooled  from  at  least  2  independent  experiments.  Data  in  D-F  are  representative  of  at 
least  2  experiments.  Shown  in  B,  C,  and  F  are  means  ±  SD.  Individual  experiments  in  B-E  and  F  had  5-10  and  2  biological  replicates,  respectively. 


Analysis  of  TC-core  puncta  stained  with  the  biarsenical  dye  FIAsH 
revealed  that  a  large  fraction  of  motile  TC-core  cotrafficked  with 
either  API  (25%)  or  AP2  (38%),  whereas  only  3%  cotrafficked  with 
the  autophagosomal  marker  LC3  (Figure  1,  G  and  H,  Supplemen¬ 
tal  Figure  lA,  and  Supplemental  Videos  1-3;  supplemental  mate¬ 
rial  available  online  with  this  article;  https://doi.org/10.1172/ 
JCI89857DS1).  The  velocities  of  the  cotrafficking  particles  were 
consistent  with  previous  reports  on  secretory  vesicle  trafficking 
as  well  as  TC-core  puncta  cotrafficking  with  vesicle-associated 
membrane  protein  (VAMP)  (refs.  32,  33,  and  Supplemental  Figure 
IB).  AP2-associated  TC-core  puncta  motility  was  reduced  signifi¬ 
cantly  upon  mutation  (Y136A)  of  a  YxxO  motif  within  core,  a  motif 
critical  for  AP2  binding  and  HCV  assembly  (22),  as  measured  by 
the  overall  distance  traveled  (Figure  II  and  Supplemental  Video 
4).  These  findings  provide  direct  experimental  evidence  for  a  role 
of  clathrin-associated  APs  in  mediating  intracellular  virus  traffick¬ 
ing.  Specifically,  these  imaging  data  combined  with  our  current 
and  previous  characterization  of  the  roles  of  API  and  AP2  in  the 
life  cycle  of  HCV  (22,  23)  support  the  hypothesis  that  API  cotraf¬ 
fics  with  HCV  during  viral  release,  while  AP2  cotraffics  with  HCV 
during  viral  entry  and  subsequently  to  the  sites  of  assembly. 

To  understand  whether  dmg  modulation  of  AP  phosphory¬ 
lation  by  AAKl  and  GAK  manifests  itself  in  an  intracellular  traf¬ 
ficking  defect,  we  studied  the  effect  of  sunitinib  and  erlotinib, 
approved  drugs  with  potent  anti-AAKl  and/or  anti-GAK  activity, 
on  HCV  particle  trafficking  by  live  cell  imaging.  Treatment  of 
HCV-infected  cells  with  sunitinib  and  erlotinib  reduced  motility 
of  TC-core  puncta  cotrafficking  with  API  and  AP2  (Figure  IJ  and 


Supplemental  Videos  5-10).  These  findings  support  our  hypoth¬ 
esis  that  the  antiviral  effect  of  sunitinib  and  erlotinib  is  associated 
with  reduced  intracellular  viral  traffic. 

The  role  of  AAKl  and  GAK  in  DENV  infection  in  cells.  The 
requirement  for  AAKl  and  GAK  in  viral  infections  beyond  HCV 
is  unknown.  To  investigate  whether  another,  distantly  related 
member  of  the  Flaviviridae  family  relies  on  these  regulatory 
kinases  and  their  associated  AP  targets,  we  examined  the  effect 
of  the  corresponding  gene  silencing  on  DENV  infection  in  human 
hepatoma  (Huh7)  cells.  We  observed  a  requirement  for  AP2,  but 
not  API,  in  DENV  entry  using  cell  lines  stably  expressing  shRNA 
targeting  API,  AP2,  or  a  nontargeting  (NT)  sequence  (Figure  2,  A 
and  B).  While  depletion  of  API  and  AP2  had  no  effect  on  DENV 
RNA  replication  as  measured  by  subgenomic  replicon  assays  (ref 
34  and  Figure  2C),  it  diminished  the  production  of  infectious 
virus  in  culture  supernatants  (Figure  2D).  Silencing  expression  of 
AAKl  and  GAK  resulted  in  no  apparent  cytotoxic  effect  (Figure 
2,  E  and  F)  but,  analogously  to  experiments  with  HCV,  inhibited 
entry  and  infectious  virus  production  of  DENV,  with  no  effect  on 
RNA  replication  (Figure  2,  G-I).  These  results  implicate  AAKl 
and  GAK  in  the  DENV  life  cycle  via  regulation  of  2  temporally 
distinct  steps  that  depend  on  the  clathrin-associated  APs:  entry 
and  infectious  virus  production. 

To  determine  whether  a  comparable  effect  on  DENV  infec¬ 
tion  can  be  achieved  pharmacologically  and  further  validate  AAKl 
and  GAK  as  antiviral  targets,  we  treated  DENV-infected  cells  with 
selective  AAKl  and  GAK  inhibitors.  The  imidazo[l,2-b]pyrida- 
zine-based  compounds  7737  and  7745  were  originally  developed 
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Table  1.  Antiviral  activity  of  sunitinib  and  erlotinib 


Family 

Virus 

Strain 

Sunitinib  EC;„/CC;„  (pM) 

Erlotinib  ECJCCj^JpM) 

Cells 

Assay 

Flaviviridae 

HCV 

|G/|FH 

1.2/>10 

0.G/>15 

Huh7.5 

Luciferase,  FFA 

DENV1 

27GRI<I,  PR541393 

B.G/>1B 

1.9/>20 

BHI<-21 

Plaque 

DENV2 

T5V01, 429557, 

New  Guinea  C 

B.51/11,5 

2.5/>20-G.5/>50 

Huh7,  BHK-21 

Luciferase,  plaque 

DENV3 

Philippines/H87/195G 

0.3/>10 

1.3/>20 

BHI<-21 

Plaque 

DENV4 

BC287/97,  H241 

0.23/>10 

3.9/>20 

BHI<-21 

Plaque 

WNV 

NY99  300B.0259 

0.55/>20 

NE 

MEF.Vero 

FFA 

ZIKV 

MR76G 

0.51/14.1 

6.28/>30 

Huh7 

Plaque 

Filoviridae 

EBOV 

Zaire 

0.47/>10 

12.9/>30 

2.88/15 

Huh7 

Vero 

Immunostaining 

Togaviridae 

CHIKV 

181/25 

4.67/11.9 

0.7/>30 

Vero 

Plaque 

Arenaviridae 

)UNV 

Candid  1 

4.8/10.4 

1.7/>20 

Vero 

CPE 

Retroviridae 

HIV 

NL4-3 

0.8/>20 

2/>20 

HeLa/TZM-bl 

Luciferase 

Paramyxoviridae 

RSV 

A2 

<0.12/12.5 

<0.12/>30 

Hep2 

Immunoplaque 

ECju,  half-maximal  effective  concentration;  CC^u,  half-maximal  cellular  cytotoxicity;  FFA,  focus-forming  assay;  NE,  no  effect;  CPE,  cytopathic  effect.  Virus 
abbreviations;  WNV,  West  Nile  virus;  CHIKV,  cbikungunya  virus;  JUNV,  Junin  virus;  RSV,  respiratory  syncytial  virus.  Each  virus  was  tested  as  least  twice  with 
3  or  more  technical  replicates. 


to  modulate  AAKl  activity  as  a  potential  treatment  of  neurologi¬ 
cal  disorders  =  1  nM,  <  10  nM)  (Figure  2J,  Supplemental 
Figure  2,  and  ref.  35).  The  isothiazolo[5,4-b]pyridines  12g  and  12i 
(Figure  2K)  are  potent  (K^  =  -8  nM),  selective,  ATP-competitive 
GAK  inhibitors  capable  of  restricting  HCV  infection  (28).  We 
measured  a  dose-dependent  inhibition  of  the  DENY  serotype 
2  (DENV2)  infection  following  a  2-day  drug  treatment  with  all  4 
compounds,  with  half-maximal  effective  concentrations  (EC^^s) 
of  1. 5-5.1  pM  (Figure  2,  J  and  K).  The  concentration  range  yield¬ 
ing  at  least  1  log  reduction  in  viral  infection  showed  minimal  or  no 
toxicity  as  measured  by  alamarBlue  assays. 

Together,  these  results  validate  AAKl  and  GAK  as  regulators 
of  DENY  infection  and  point  to  their  pharmacological  inhibition 
as  a  potential  anti-DENY  strategy. 

Sunitinib  and  erlotinib  have  a  synergistic  anti-DENV  effect 
and  a  high  genetic  barrier  to  resistance  in  vitro.  To  determine 
whether  a  similar  effect  on  DENY  infection  can  be  achieved 
with  approved  drugs  with  potent  anti-AAKl  and/or  anti-GAK 
activity,  we  treated  DENY-infected  cells  with  sunitinib  and 
erlotinib  (Figure  3A).  Gonsistent  with  published  HGY  data 
(22,  23),  we  measured  a  dose-dependent  inhibition  of  DENY2 
infection  following  a  2-day  drug  treatment  with  an  EG^,,  of  0.51 
pM  for  sunitinib  and  6.5  pM  for  erlotinib  by  luciferase  assays 
(Figure  3,  B  and  G).  The  concentration  range  yielding  at  least  2 
log  reduction  in  viral  infection  showed  minimal  or  no  toxicity 
as  measured  by  alamarBlue  assays  with  half-maximal  cellular 
cytotoxicities  (GG^^s)  of  8.0  pM  for  sunitinib  and  >50  pM  for 
erlotinib  (Figure  3,  B  and  G,  and  Table  1).  Similar  results  were 
demonstrated  by  standard  plaque  assays  (Supplemental  Fig¬ 
ure  3A).  Notably,  treatment  with  combinations  of  the  2  drugs 
revealed  synergistic  inhibition  of  DENY2  infection  with  a  syn¬ 
ergy  volume  of  36.7  pM^%  at  the  95%  GI  and  no  synergistic  tox¬ 
icity  (Figure  3,  D  and  E,  and  Supplemental  Figure  3B).  Impor¬ 
tantly,  sunitinib  and  erlotinib  also  dose-dependently  inhibited 
infection  of  DENYl,  DENY3,  and  DENY4  (Table  1). 


To  determine  whether  DENY  can  escape  treatment  with  suni¬ 
tinib  and  erlotinib,  we  passaged  DENY  in  the  presence  of  suni- 
tinib/erlotinib  combination  or  the  DENY  nonstructural  (NS)  4B 
protein  inhibitor  SDM25N  at  increasing  concentrations  (0.5-2.5 
pM)  corresponding  to  values  between  EG^^,  and  EG^i^.  Infec¬ 
tious  virus  output  was  quantified  over  several  passages  by  plaque 
assays.  By  passage  8,  DENY4  overcame  inhibition  by  SDM25N 
with  the  emergence  of  a  previously  characterized  resistance  muta¬ 
tion  in  NS4B  (PIOIL,  analogous  to  P104L  in  DENY2)  (36).  In  con¬ 
trast,  DENY4  was  cleared  from  the  culture  by  passage  6  under  the 
sunitinib/erlotinib  treatment  without  any  phenotypic  resistance 
(Figure  3F).  These  results  point  to  sunitinib/erlotinib  combination 
as  a  potential  anti-DENY  strategy  with  a  higher  relative  barrier  to 
resistance  than  a  direct-acting  antiviral. 

Broad-spectrum  activity  of  sunitinib  and  erlotinib.  Next,  we 
studied  the  effect  of  sunitinib  and  erlotinib  on  replication  of  2 
additional  flaviviruses.  West  Nile  virus  (WNY)  and  ZIKY.  Suni¬ 
tinib  dose-dependently  inhibited  both  WNY  and  ZIKY  by  focus- 
formation  and  plaque  assays  with  EG^,,  of  0.51-0.55  pM,  whereas 
erlotinib  demonstrated  some  efficacy  only  against  ZIKY  with  EG^^, 
of  6.28  pM  (Supplemental  Figure  4,  A  and  B,  and  Table  1). 

We  also  investigated  whether  EBOY,  a  member  of  an  unrelated 
viral  family  (Filoviridae),  whose  entry  depends  on  API  and  AP2 
activity  (18, 37-39),  may  be  similarly  dependent  on  AAKl  and  GAK. 
To  test  this  hypothesis,  we  silenced  AAKl  and  GAK  expression  in 
Yero  cells  (Figure  4A)  and  measured  infection  of  vesicular  stomati¬ 
tis  vims  encapsidated  RNA  (encoding  a  GFP  reporter  gene)  pseudo- 
typed  with  EBOY  glycoproteins  (rYSY-GP  EBOY).  Quantification 
of  GFP-positive  cells  at  the  20-hour  time  point  by  flow  cytometry 
revealed  that  AAKl  and  GAK  depletion  reduced  infection  relative  to 
NT  control  (Figure  4G)  without  impacting  cell  viability  (Figure  4B). 
A  similar  level  of  inhibition  was  observed  upon  quantification  of 
viral  RNA  at  3  hours  after  infection,  highlighting  a  defect  in  the  entry 
step  (Supplemental  Figure  5A).  These  data  further  validate  AAKl 
and  GAK  as  targets  for  broad-spectmm  antiviral  therapy.  More- 
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Figure  4.  Inhibition  of  AAK1  and  GAK  suppresses  EBOV  infection.  (A)  Confirmation  of  siRNA-mediated  gene  expression  siiencing  by  quantitative 
PCR  in  Vero  ceiis.  Shown  is  normaiized  gene  expression  relative  to  CAPDH  at  48  hours  after  transfection.  (B  and  C)  Relative  cell  viability  measured  by 
alamarBlue  assays  (B)  and  rVSV-CP  EBOV  infection  of  Vero  cells  measured  by  flow  cytometry  (C)  at  20  hours  after  infection  of  AAK1-  and  CAK-deplet- 
ed  cells.  ***P  <  0.001  relative  to  NT  (1-way  ANOVA  followed  by  Dunnett's  multiple  comparisons  test).  (D)  Dose  response  of  rVSV-CP  EBOV  infection 
to  4-hour  treatment  with  inhibitors  measured  by  flow  cytometry  at  20  hours  after  infection  in  Vero  cells.  (E  and  F)  Synergy/antagonism  of  sunitinib/ 
erlotinib  combination  treatment  on  rVSV-CP  EBOV  infection  (E)  and  cell  viability  (F).  (C)  Dose  response  to  drug  treatment  in  Huh7  cells  under  bio¬ 
safety  level  4  containment  following  48  hours  with  EBOV  infection  (black)  measured  by  immunostaining  with  an  anti-CP  antibody,  and  cell  viability 
(blue)  measured  by  Hoechst  counterstain  and  quantified  by  a  high-content  imager.  Data  are  plotted  relative  to  vehicle  control.  All  data  shown  are 
representative  of  at  least  2  experiments;  B-C  have  3  biological  replicates  each.  Shown  in  B-D  and  C  are  means  ±  SO. 


over,  treatment  of  Vero  cells  with  sunitinib  and  erlotinib  resulted  in 
a  dose-dependent  decrease  in  rVSV-GP  EBOV  infection  measured 
by  flow  cytometry  20  hours  after  infection  and  entry  measured  by 
quantitative  reverse  transcriptase  PCR  (qRT-PCR)  3  hours  after 
infection  (Figure  4D  and  Supplemental  Figure  5B).  Although  the 
effect  of  erlotinib  measured  by  flow  cytometry  was  modest  relative 
to  that  of  sunitinib,  combination  treatment  displayed  measurable 
synergy  in  inhibiting  entry  with  a  synergy  volume  of  147.05  pM^% 
at  the  95%  Cl  and  zero  synergistic  toxicity  (Figure  4,  E  and  F) .  Next, 
we  tested  the  ability  of  these  drugs  to  inhibit  authentic  EBOV  infec¬ 
tion  in  Huh7  cells.  Sunitinib  treatment  resulted  in  a  dose-dependent 
reduction  in  EBOV  infection  with  EC^^  value  of  0.47  pM  and 
greater  than  10  pM,  whereas  erlotinib  showed  moderate  activity 
with  EC^q  of  12.9  pM  and  no  appreciable  cytotoxicity  at  the  concen¬ 
trations  tested  (Figure  4G  and  Table  1). 

To  explore  more  broadly  the  spectrum  of  coverage  provid¬ 
ed  by  sunitinib  and  erlotinib,  we  studied  their  antiviral  effects 
against  additional  unrelated  viruses.  Viral  infection  was  mea¬ 
sured  in  various  cell  lines  following  3-day  treatment  regimens. 
We  detected  antiviral  activity  of  either  or  both  drugs  against  RNA 
viruses  in  6  families  (Table  1),  including  Togaviridae  (e.g.,  chikun- 
gunya  virus  [CHIKV]),  Arenaviridae  (e.g.,  Junin  virus  [JUNV]), 
and  Paramyxoviridae  (e.g.,  respiratory  syncytial  virus  [RSV]). 
These  data  expand  the  possible  indications  of  sunitinib  and/or 
erlotinib  as  antiviral  agents  beyond  Flaviviridae  infections,  to 
other  established  and  emerging  RNA  viruses. 


Sunitinib/erlotinib  combinations  are  effective  in  vivo.  To 
address  the  therapeutic  potential  of  sunitinib  and  erlotinib  as 
antiviral  agents,  we  tested  their  application  in  a  murine  model 
of  dengue.  We  measured  viral  burden  and  mortality  in  an  IFN- 
a/p  and  IFN-y  receptor-deficient  murine  model  of  dengue  on 
129/Sv  (AC-129)  (40,  41)  and  C57BL/6  (AC-B6)  genetic  back¬ 
grounds.  In  a  prophylaxis  model,  we  initiated  once-daily  treat¬ 
ment  of  AG-B6  mice  with  30-60  mg/kg  of  sunitinib  and  erlo¬ 
tinib  in  combination  or  individually  concurrently  with  DENV 
inoculation  and  analyzed  viremia  at  48  hours.  The  doses  tested 
for  each  drug  were  at  or  near  the  equivalent  of  approved  human 
dose  as  calculated  based  on  the  body  surface  area  per  the  FDA’s 
guidelines  (42).  These  doses  were  below  the  maximum  toler¬ 
ated  dose  (MTD)  in  mice  and  confirmed  to  be  nontoxic  in  our 
dengue  model  (42-44).  Treatment  with  erlotinib  did  not  alter 
viremia,  whereas  sunitinib  alone  marginally  reduced  it  (Figure 
5A).  Consistent  with  our  in  vitro  synergy  results,  daily  admin¬ 
istration  of  the  combination  treatment  resulted  in  11-fold 
reduction  in  viral  RNA  (Figure  5A).  In  addition,  we  measured 
a  significant  reduction  of  the  infectious  virus  load  by  plaque 
assays  in  the  serum  as  well  as  spleen  and  liver  in  mice  treat¬ 
ed  with  30  mg/kg  doses  of  sunitinib  and  erlotinib  relative  to 
vehicle  controls  (Supplemental  Figure  6A).  Pharmacokinetic 
analysis  revealed  that  within  the  first  6  hours  of  administration 
each  drug  concentration  in  the  serum,  as  measured  by  liquid 
chromatography-tandem  mass  spectrometry,  exceeded  the 
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Figure  5.  AAK1  and  GAK  inhibitors  are  protective  in  murine  modeis  of  dengue  and  Eboia.  (A)  DENV  viremia  in  AC-B6  mice  measured  by  qRT-PCR  on 
day  2  postinfection  following  once-daily  administration  of  vehicle,  sunitinib  (SM),  and/or  erlotinib  (E).  (B)  DENV  viremia  in  AC-BG  mice  on  days  2  and 
3  postinfection  following  twice-daily  drug  administration.  (C  and  D)  Weight  loss  (C)  and  mortality  (D)  of  DENV-infected  AC-BG  mice  treated  once  daily 
for  5  days  with  vehicle  or  sunitinib/erlotinib  combination  (n  =  8  per  treatment  group).  (E)  Mortality  of  DENV-infected  AC-129  mice  treated  once  daily 
for  5  days  with  vehicle,  sunitinib,  and/or  erlotinib  (data  are  pooled  from  2  independent  experiments,  n  =  8-1G  per  treatment  group).  (F)  Mortality  of 
DENV-infected  AC-BG  mice  treated  once  daily  with  vehicle  or  sunitinib/erlotinib  combination  beginning  at  the  indicated  hour  after  inoculation,  TO- 
T48  (data  are  pooled  from  2  independent  experiments,  n  =  8-1G  per  treatment  group).  (C  and  H)  Weight  loss  (C)  and  mortality  (H)  of  EBOV-infected 
C57BL/G  mice  treated  once  daily  for  ID  days  with  vehicle,  sunitinib,  and/or  erlotinib  (n  =  10  per  treatment  group).  Doses  are  in  mg/kg.  Administration 
was  i.p.,  except  when  denoted  p.o.  (C  and  D),  at  inoculation  (A-E,  G,  and  H)  or  after  inoculation  (F).  A-D,  G,  and  H  are  representative  of  2  or  more 
independent  experiments.  *P  <  0.05,  **P  <0.01,  ***P  <  0.001  relative  to  vehicle  control  by  nonparametric  Kruskal-Wallis  test  with  Dunn’s  multiple 
comparisons  post-test  (A)  or  nonparametric  Mann-Whitney  test  (B).  Survival  analysis  (D-F  and  H)  was  done  with  log-rank  (Mantel-Cox)  test;  P  values 
are  relative  to  vehicle  control.  CE,  genomic  equivalents. 


corresponding  concentration  deduced  from  our  in  vitro 
data  (Supplemental  Figure  6B).  Moreover,  the  synergy  between 
sunitinib  and  erlotinib  predicts  even  more  potency  in  combina¬ 
tion.  Although  sunitinib  and  erlotinib  were  largely  cleared  from 
the  serum  by  18  hours,  which  is  in  contrast  with  the  slower  clear¬ 
ance  rates  reported  in  humans  (44,  45),  both  drugs  concentrate 
severalfold  within  tissues  where  DENV  replicates,  such  as  liver 
(46,  47).  To  maintain  higher  serum  drug  concentration,  we  next 
administered  30  mg/kg  drug  combination  at  12-hour  intervals 
and  measured  viremia.  The  twice-daily  drug  administration 
resulted  in  an  even  more  apparent  reduction  of  viral  load  rela¬ 


tive  to  vehicle  control  (Figure  5B).  Notably,  drug  administration 
reduced  viral  load  from  day  2  to  3  postinfection  in  contrast  to  an 
increase  in  viral  load  within  the  control  arm  during  that  time. 

To  assess  whether  the  reduction  in  viral  load  would  translate 
into  improved  disease  outcome,  we  determined  the  effect  of  com¬ 
bination  treatment  with  sunitinib  and  erlotinib  on  morbidity  and 
mortality  in  AG-129  and  AG-B6  mice.  Following  infection  with  a 
lethal  DENV  inoculum,  we  initiated  once-daily  drug  administra¬ 
tion  at  a  dose  sufficient  to  significantly  reduce  viremia  (i.e.,  30 
mg/kg  of  each  drug).  The  animals  were  monitored  twice  daily 
and  were  euthanized  when  moribund  (48).  The  experiment  was 
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Figure  B.  Mechanisms  underlying  the  antiviral  effect  of  sunitinib  and  erlotinib  in  vitro  and  in  vivo.  (A-C)  Huh7  cells  were  treated  with  the  inhibitors 
and  monitored  for  DENV  entry  (A)  at  G  hours  after  infection,  DENV  RNA  replication  (B)  after  induction  of  replication  of  DNA-launched  DENV  replicon, 
and  infectious  virus  production  (C)  at  48  hours  after  electroporation  with  DENV  RNA.  SDM25N  is  an  inhibitor  of  DENV  RNA  replication.  (D)  Effect 
of  1-hour  treatment  with  erlotinib  (E)  and/or  sunitinib  (SM)  on  phosphorylation  of  AP2  in  DENV-infected  Hu h7  cells  measured  by  Western  blotting. 
Arrow  indicates  approximately  50  kDa.  The  ratio  of  phospho-AP2  {pAP2)  to  total  AP2  was  quantified.  (E)  Level  of  AP2  and  actin  expression  measured 
by  Western  blot  following  lentiviral  transduction  with  control  or  AP2-expressing  constructs.  (F)  Rescue  of  DENV  infection  in  the  presence  of  inhibi¬ 
tors  upon  overexpression  of  WT  or  T15GA  AP2  versus  vector  control  measured  by  luciferase  assays  48  hours  after  infection.  Micromolar  concentration 
of  each  inhibitor  is  noted  on  the  x  axis.  (C)  Effect  of  3-hour  i.p.  treatment  with  erlotinib  (E)  and/or  sunitinib  (SM)  on  phosphorylation  of  AP2  in  liver 
tissue  of  AC-BG  mice  measured  by  Western  blotting  and  quantified  as  the  ratio  of  pAP2  to  total  AP2.  (H)  DENV  infection  relative  to  NT  control  fol¬ 
lowing  siRNA-mediated  knockdown  of  kinases  targeted  by  sunitinib  and  erlotinib  measured  by  luciferase  assays  at  48  hours  and  normalized  to  cell 
viability.  Data  in  A,  C,  and  I  are  pooled  from  2  independent  experiments  with  4-8  replicates  each.  Data  in  the  other  panels  are  representative  of  2  or 
more  independent  experiments.  B  and  F  have  at  least  5  replicates  each.  ***P  <  0.0Q1  relative  to  DMSO  by  2-way  ANOVA  followed  by  Dunnett’s  multiple 
comparisons  test  (B)  or  relative  to  vector  control  by  1-way  ANOVA  followed  by  Dunnett's  multiple  comparisons  test  (F). 


concluded  when  all  the  remaining  animals  regained  full  mobil¬ 
ity  and  displayed  weight  gain  for  at  least  2  consecutive  days. 
Upon  a  5-day  drug  treatment  regimen  given  either  i.p.  or  orally, 
we  observed  a  significant  reduction  in  morbidity  and  mortality 
of  infected  animals  relative  to  vehicle  controls  (Figure  5,  C  and 
D).  Specifically,  100%  of  vehicle-treated  mice  succumbed  to 
infection  on  day  4-8  postinfection,  whereas  sunitinib/erlotinib 
treatment  protected  75%-100%  of  the  mice.  This  combination 


treatment  proved  efficacious  with  either  i.p.  or  oral  administra¬ 
tion,  the  latter  of  which  is  approved  for  use  in  humans  (Figure  5, 
C  and  D) .  We  also  compared  the  effect  of  daily  treatment  with  the 
individual  drugs  with  that  of  the  combination.  In  this  trial,  94% 
of  vehicle-treated  AG-129  mice  succumbed  to  infection;  treat¬ 
ment  with  erlotinib  did  not  alter  survival,  whereas  sunitinib  alone 
offered  partial  (37%)  protection.  Consistent  with  our  in  vitro 
synergy  results,  we  observed  the  greatest  protection  (62%)  from 
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Figure  7.  Model:  AAK1  and  GAK  in  infection  and  as  broad-spectrum  anti¬ 
viral  targets.  Host  kinases  AAK1  and  GAK  regulate  entry,  assembly,  and/or 
release  of  multiple  RNA  viruses  through  phosphorylation  of  the  membrane 
trafficking  adaptors  API  (pink)  and  AP2  (purple).  Sunitinib,  erlotinib,  and 
selective  inhibitors  of  AAKI  and  GAK  disrupt  these  temporally  distinct 
steps  of  the  viral  life  cycle  and  act  as  broad-spectrum  antivirals. 


mortality  with  combination  drug  treatment  (Figure  5E).  Further¬ 
more,  even  when  the  combination  drug  treatment  was  initiated  at 
various  time  points  after  infection,  the  mice  remained  protected 
relative  to  vehicle  control,  albeit  mice  treated  at  48  hours  after 
inoculation  eventually  succumbed  to  infection  (Figure  5F). 

Given  the  observed  potency  of  sunitinib  and  sunitinib/erlo- 
tinib  combination  against  EBOV  infection  in  vitro,  we  assessed  in 
vivo  efficacy  of  these  dmgs  in  a  murine  model  of  Ebola.  Dmgs  were 
administered  daily  i.p.  for  10  days  beginning  at  6  hours  before  infec¬ 
tion.  As  with  the  dengue  model,  the  chosen  doses  were  at  or  near  the 
equivalent  of  approved  human  dose,  below  the  MTD  in  mice,  and 
confirmed  to  be  nontoxic  in  our  Ebola  model.  All  mice  demonstrated 
signs  of  morbidity  as  evident  by  weight  loss  during  the  first  7-10  days 
after  infection  (Figure  5G).  Ninety  percent  of  vehicle-treated  mice 
succumbed  to  infection  on  days  6-13  postinfection;  treatment  with 
erlotinib  at  45  mg/kg  did  not  alter  animal  survival,  whereas  5  mg/ 
kg  sunitinib  alone  increased  survival  to  30%  (Figure  5H).  Gonsistent 
with  our  in  vitro  synergy  results,  we  observed  the  greatest  weight 
gain  and  survival  (50%)  with  a  combination  dmg  treatment. 

Together,  these  results  demonstrate  therapeutic  potential  of 
sunitinib/erlotinib  combinations  against  infections  with  2  unre¬ 
lated  emerging  RNA  vimses. 

Mechanisms  underlying  the  antiviral  effects  of  sunitinib  and  erlo¬ 
tinib  in  vitro  and  in  vivo.  To  better  understand  the  target(s)  and 
mechanism  of  action  underlying  the  anti-DENV  activity  of  suni¬ 
tinib  and  erlotinib,  we  first  probed  the  steps  of  the  viral  life  cycle 
affected  by  these  compounds.  We  detected  interference  precisely 
with  the  steps  inhibited  via  siRNAs  against  AAKI  and  GAK  (Figure 
2,  G  and  I),  namely  entry  and  infectious  DENY  production  (Figure 
6,  A-G).  Notably,  DENY  RNA  replication,  a  step  commonly  inhib¬ 
ited  by  direct-acting  antivirals  (7) ,  was  not  affected  by  these  drugs. 
This  phenotype  supports  a  hypothesis  that  inhibition  of  AAKI  and 
GAK  likely  contributes  to  the  anti-DENY  effect  of  these  drugs. 


To  confirm  that  the  antiviral  activity  is  correlated  with  func¬ 
tional  inhibition  of  AAKI  and  GAK  activity,  we  measured  levels  of 
phospho-AP2  upon  dmg  treatment.  Dose-dependent  reduction  in 
the  phospho-AP2  to  total  AP2  ratio  was  demonstrated  in  DENY- 
infected  cells  (Figure  6D). 

Next,  we  conducted  gain-of-function  assays  to  further  validate 
AP2,  a  substrate  for  both  AAKI  and  GAK,  as  a  key  mediator  of  the 
anti-DENY  effect  of  these  dmgs.  Ectopic  expression  of  WT  but  not 
T156A  phosphorylation  AP2  mutant  or  vector  control  either  partial¬ 
ly  or  completely  rescued  the  antiviral  effect  of  sunitinib/erlotinib 
combination  (Figure  6,  E  and  F).  These  results  indicate  that  AAKl- 
and  GAK-mediated  phosphorylation  of  AP2  is  a  mechanism  under¬ 
lying  the  antiviral  effect  of  sunitinib  and  erlotinib  against  DENY. 

Next,  we  determined  whether  these  drugs  exert  their  antiviral 
effect  in  vivo  by  similarly  inhibiting  phosphorylation  of  the  AAKI 
and  GAK  ligand  AP2.  Liver  tissue  lysates  harvested  from  AG-B6 
mice  3  hours  after  drug  administration  revealed  dose-dependent 
inhibition  of  AP2  phosphorylation  upon  treatment  with  sunitinib 
and  erlotinib,  and  most  markedly  with  the  combination  (Figure 
6G).  These  results  provide  evidence  that  drug  exposure  in  animals 
is  associated  with  modulation  of  AP2. 

These  data,  combined  with  the  finding  that  more  selective 
AAKI  and  GAK  inhibitors  lacking  affinity  to  most  of  sunitinib’s 
and  erlotinib’s  cancer  targets  (e.g.,  YEGFR  and  EGFR)  (28, 
35)  have  anti-DENY  activity,  indicate  that  AAKI  and  GAK  are 
important  mediators  of  the  observed  antiviral  effect.  Never¬ 
theless,  these  data  cannot  rule  out  additional  potential  cellular 
targets  mediating  the  anti-DENY  activity  of  these  compounds. 
Whereas  erlotinib’s  target  selectivity  is  quite  narrowly  focused 
on  EGFR  and  GAK  with  significantly  less  affinity  for  other 
kinases,  sunitinib  is  a  multitarget  kinase  inhibitor  (49,  50).  We 
thus  examined  the  effects  of  siRNA-mediated  depletion  of  27 
major  kinases  targeted  by  these  small  molecules  (K^  <  20  nM) 
on  DENY  infection  and  cellular  viability.  Using  a  cutoff  of  great¬ 
er  than  50%  inhibition  of  viral  infection  as  measured  by  lucifer- 
ase  assays  normalized  to  cell  viability  in  2  independent  screens, 
we  identified  AXL,  KIT,  and  RET  as  possible  antiviral  targets  of 
our  kinase  inhibitors  in  addition  to  AAKI  and  GAK  (Figure  6H). 
However,  silencing  of  KIT  also  substantially  reduced  cellular 
viability  (Supplemental  Figure  7). 

Taken  together,  our  data  indicate  that  inhibition  of  AP-medi- 
ated  intracellular  membrane  trafficking  regulated  by  AAKI  and 
GAK  represents  an  important  mechanism  by  which  sunitinib  and 
erlotinib  inhibit  DENY  infection  in  vitro  and  in  vivo  and  that  addi¬ 
tional  mechanisms,  potentially  mediated  by  other  kinases,  may 
act  in  concert. 

Discussion 

Glathrin- associated  API  and  AP2  complexes  have  been  implicated 
in  orchestrating  multiple  viral  infections;  however,  their  precise 
mechanistic  involvement  was  not  characterized.  Moreover,  the 
relevance  of  AAKI  and  GAK,  kinase  regulators  of  these  APs  that 
we  discovered  as  essential  for  HGY  infection,  to  other  viral  infec¬ 
tions  remained  unknown.  Here,  we  addressed  this  knowledge  gap 
and  evaluated  the  therapeutic  potential  of  inhibiting  AAKI  and 
GAK  as  a  broad-spectrum  antiviral  strategy.  Integrating  RNAi, 
dominant  interfering,  pharmacological  and  molecular  virology 
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approaches,  we  demonstrate  roles  for  API  and  AP2  complexes  as 
well  as  AAKl  and  GAK  in  entry  and  assembly/release  of  Flaviviri- 
dae  family  members  and  validate  these  host  factors  as  attractive 
targets  for  broad-spectrum  antiviral  therapy  (Figure  7).  We  estab¬ 
lish  that  sunitinib  and  erlotinib  inhibit  DENY  and  EBOV  infections 
in  vitro  and  in  vivo,  and  are  potent  in  vitro  against  WNV,  ZIKV, 
and  RNA  viruses  from  4  additional  families:  Togaviridae,  Arena- 
viridae,  Paramyxoviridae,  and  Retroviridae.  Together,  our  data 
illustrate  the  utility  of  these  2  clinically  approved  compounds  both 
as  tools  to  identify  host  factors  important  in  viral  infection  and  as 
potential  therapies  against  emerging  viral  infections. 

Using  advanced  live  cell  imaging,  we  provide  the  first  direct 
evidence,  to  our  knowledge,  that  viral  particles  cotraffic  intracel- 
lularly  with  AP  complexes.  Our  imaging  findings  exclude  a  theory 
whereby  AP  complexes  contribute  to  viral  infections  solely  by 
recruiting  or  mediating  intracellular  traffic  of  host  cargo  compo¬ 
nents  essential  for  the  viral  life  cycle. 

We  show  that  sunitinib  and  erlotinib,  potent,  albeit  nonselec- 
tive,  inhibitors  of  AAKl  and  GAK,  respectively,  restrict  DENY  and 
EBOY  infections  in  vitro  and  their  combination  reduces  viremia, 
morbidity,  and  mortality  in  the  relevant  murine  models.  Repli¬ 
cation  assays  demonstrating  efficacy  against  viral  species  in  6 
unrelated  families  (Table  1)  further  support  our  broad-spectrum 
hypothesis,  though  in  vivo  efficacy  beyond  dengue  and  Ebola 
remains  to  be  tested.  AAKl  and  GAK  have  partially  overlapping 
functions  (12,  23),  which  may  explain  moderate  antiviral  effect  in 
vitro  with  either  sunitinib  or  erlotinib,  yet  synergistic  activity  upon 
treatment  with  both.  The  synergy  also  may  result  from  inhibition 
of  additional  targets  by  these  compounds.  Although  the  observed 
reduction  in  DENY  load  was  relatively  modest  in  mice,  it  correlat¬ 
ed  with  a  significant  survival  benefit,  comparable  to  the  report  on 
host  a-glucosidase  inhibitor  celgosivir  (51),  which  yielded  100% 
protection  from  mortality  with  less  than  10-fold  reduction  in  vire¬ 
mia.  Importantly,  the  sunitinib/erlotinib  combination  remained 
protective  in  the  mouse  model  of  dengue  even  when  administered 
after  established  infection,  thereby  supporting  its  promise  as  both 
prophylaxis  and  therapy. 

We  provide  multiple  lines  of  evidence  to  support  modulation 
of  AAKl  and  GAK  activity  as  an  important  mode  of  antiviral  action 
of  sunitinib  and  erlotinib  in  the  dengue  model.  We  demonstrate 
that  these  drugs  inhibit  both  DENY  entry  and  infectious  virus  pro¬ 
duction,  analogous  to  the  phenotype  seen  with  RNAi-mediated 
suppression  of  clathrin-associated  APs  and  AAKl  and  GAK.  Addi¬ 
tionally,  we  demonstrate  antiviral  effects  of  more  selective  AAKl 
and  GAK  inhibitors.  Due  to  lack  of  affinity  to  most  of  sunitinib’s 
and  erlotinib’s  cancer  targets  (e.g.,  YEGFR  and  EGFR)  (28, 35) ,  the 
activity  of  the  selective  compounds  further  confirms  that  AAKl 
and  GAK  are  relevant  antiviral  targets.  While  the  more  selective 
GAK  inhibitors  also  bind  KIT,  more  work  is  required  to  validate 
whether  KIT  is  an  anti-DENY  target.  Furthermore,  we  character¬ 
ized  the  mechanism  by  which  the  pharmacological  inhibition  of 
AAKl  and  GAK  mediates  the  anti-dengue  effect.  We  establish  that 
antiviral  activity  of  sunitinib  and  erlotinib  correlates  with  reduced 
phospho-AP2  levels  in  vitro.  In  accordance  with  this  observation, 
we  show  that  WT  but  not  a  phosphorylation  AP2  mutant  can  res¬ 
cue  the  anti-dengue  effect  of  these  drugs.  We  provide  evidence 
that  this  mechanism  also  plays  a  role  in  vivo  by  demonstrating  that 


antiviral  activity  correlates  with  reduced  AP2  phosphorylation  in 
tissues  upon  dmg  treatment.  These  findings  reveal  that  a  block  in 
AP2  phosphorylation  mechanistically  explains  at  least  in  part  the 
antiviral  effect  of  AAKl  and  GAK  inhibitors.  These  findings  also 
present  AP2  phosphorylation  as  a  useful  pharmacodynamic  bio¬ 
marker  in  potential  future  clinical  studies.  We  further  demonstrate 
that  sunitinib  and  erlotinib  reduce  HGY-APl  and  -AP2  cotraffick¬ 
ing  by  live  cell  imaging,  thereby  validating  this  mode  of  action  at 
the  molecular  level.  While  AP-mediated  intracellular  membrane 
trafficking  likely  represents  a  primary  mechanism  by  which  AAKl 
and  GAK  regulate  viral  infection,  additional  substrates  of  these 
kinases,  such  as  NUMB,  also  may  contribute  to  this  function  (23). 

We  explore  the  possible  involvement  of  additional  targets  with 
K^’s  of  20  nM  or  less  reported  for  sunitinib  and  erlotinib  using  a 
siRNA  library  against  27  kinases.  Our  siRNA  screen  reveals  that 
none  of  the  other  major  targets  of  erlotinib  beyond  GAK,  namely 
EGFR  and  STKIO,  affect  DENY  infection.  In  contrast,  at  least  3 
additional  targets  of  sunitinib  beyond  AAKl,  namely  AXL,  KIT, 
and  RET,  may  facilitate  DENY  infection  and  thus  potentially 
also  mediate  sunitinib’s  antiviral  effect.  AXL  is  an  already  known 
attachment  factor/signaling  receptor  for  multiple  RNA  viruses, 
including  DENY,  EBOY,  and  possibly  ZIKY  (52-55) .  Although  con¬ 
firmatory  studies  with  AXL-deficient  cells  are  required,  inhibition 
of  AXL  by  sunitinib  may  contribute  to  its  effect  on  DENY  entry. 
KIT  and  RET  are  paralogs  with  no  reported  roles  in  RNA  viral 
infections  and  await  further  investigation.  Given  our  inability  to 
silence  expression  of  KIT  without  a  substantial  negative  impact  on 
cell  viability  (likely  due  to  its  role  in  cell  survival  and  proliferation; 
ref  56),  its  specific  relevance  to  DENY  infection  remains  unclear. 
Overall,  our  data  underscore  the  utility  of  using  sunitinib  and 
erlotinib  as  pharmacological  probes  to  identify  novel  host  factors 
required  for  viral  infection. 

We  speculate  that  inhibition  of  AAKl  and  GAK  accounts  for 
these  drugs’  effect  against  a  broad  spectrum  of  vimses,  particu¬ 
larly  those  previously  shown  to  depend  on  API  and  AP2  activity, 
such  as  EBOY  (18,  37-39).  Inhibition  of  additional  kinases  includ¬ 
ing  AXL,  KIT,  and  RET  may  play  a  role.  Though  most  of  the  EG^^ 
values  we  report  fall  in  the  low  micromolar  range  for  the  6  viral 
families  tested  (Table  1),  the  relative  potency  of  sunitinib  and  erlo¬ 
tinib  varies  between  the  different  viral  species.  Such  differences 
can  be  attributed  to  both  variations  in  the  assays  used  and  the 
likely  distinct  dependence  on  the  various  host  factors  targeted  by 
these  inhibitors  in  the  life  cycle  of  different  viruses.  Other  mecha¬ 
nisms  of  action,  such  as  modulation  of  immune  responses,  also 
could  contribute  to  the  protective  phenotype  observed  in  vivo. 

Although  toxicityis  aconcern  when  targetinghostfunctions,  find¬ 
ing  a  safe  therapeutic  window  may  be  feasible.  Sunitinib  and  erlotinib 
each  are  approved  as  a  once-daily  oral  treatment  for  multiple  cancers 
at  doses  comparable  to  those  exhibiting  antiviral  activity  in  vivo.  A 
combination  therapy  already  has  been  evaluated  clinically  and  was 
tolerated,  albeit  with  an  increase  in  the  adverse  events  primarily  relat¬ 
ed  to  gastrointestinal  disturbances  (57, 58).  However,  a  shift  from  the 
long-term  treatment  of  cancer  to  acute  infection  such  as  with  DENY 
should  improve  tolerance  and  minimize  adverse  effects.  The  safety 
and  efficacy  of  sunitinib  and/or  erlotinib  will  be  evaluated  in  dengue 
patients  in  the  near  future  and  potentially  in  patients  with  EBOY  dis¬ 
ease  in  future  outbreaks  (GlinicalTrials.gov  NGT02380625). 


JCI 


10 


jci.org 


The  Journal  of  Clinical  Investigation 


RESEARCH  ARTICLE 


The  vast  genetic  diversity  of  viral  species  and  replication 
strategies  challenges  the  design  of  broadly  effective  direct-acting 
antivirals;  however,  a  host-targeted  approach  could  circumvent 
this  issue.  Sunitinib  and  erlotinib  inhibit  all  4  DENY  serotypes. 
Moreover,  a  broad-spectrum  therapy,  such  as  with  sunitinib/ 
erlotinib  combination,  could  be  used  to  treat  DENV-CHIKV  (59, 
60)  or  DENV-ZIKV  (61)  coinfections  and  infections  with  newly 
emerging  RNA  viruses.  It  also  can  be  administered  even  before 
an  accurate  diagnosis  of  a  viral  threat,  thereby  increasing  protec¬ 
tion.  Furthermore,  although  viral  resistant  mutations  can  emerge 
during  treatment  with  host-targeted  approaches  (62),  targeting 
of  host  proteins  that  are  not  under  the  genetic  control  of  vimses 
is  more  likely  to  have  a  higher  barrier  to  resistance  than  classical 
direct-acting  antivirals.  This  is  exemplified  by  our  data  and  treat¬ 
ment  with  cyclophilin  inhibitors  (63).  We  recognize,  however,  that 
our  dengue  resistance  assay  is  somewhat  limited  by  the  short¬ 
term  vims  passage.  Although  we  predict  that  the  genetic  barrier 
to  resistance  is  high,  it  may  be  possible  to  select  for  resistance  over 
longer-term  passage  under  different  conditions  or  in  a  different, 
chronic  infection  model.  Lastly,  viruses  use  strategies  similar  to 
those  of  cancer  cells  for  overcoming  dmg-mediated  inhibition. 
Simultaneous  inhibition  of  several  kinases  or  targeting  of  several 
pathways  by  the  same  drug  or  drug  combination  may  prove  attrac¬ 
tive  in  combating  viral  pathogens,  as  previously  shown  in  cancer 
(64).  Such  “polypharmacology”  by  a  single  dmg  could  increase 
the  effectiveness  while  minimizing  viral  resistance. 

In  summary,  our  study  serves  as  a  proof  of  concept  for  the 
feasibility  of  identifying  novel  host-targeted  broad-spectrum  anti¬ 
viral  therapies  via  both  repurposing  and  development  of  novel 
chemical  entities.  Such  approaches  may  provide  additive  and  pos¬ 
sibly  synergistic  effects  in  combination  with  other  strategies  being 
developed  to  combat  emerging  viral  infections. 

Methods 

Plasmids  and  virus  constructs.  ORFs  encoding  APIMI  (API)  and 
AP2MI  (AP2)  were  selected  from  the  Human  ORFeome  library  of 
cDNA  clones  (65)  (Open  Biosystems)  and  recombined  into  either 
pCherry  (for  mCherry  fluorescence  protein  tagging)  or  pGLuc 
(for  Gaussia  Princeps  luciferase  fragment  [GLuc]  tagging)  vectors 
using  Gateway  technology  (Invitrogen).  GFP-LC3  construct  was 
previously  described  (66).  pFLJ6/JFH(p7-Rluc2A)  was  a  gift  from 
Charles  M.  Rice  (Rockefeller  University,  New  York,  New  York, 
USA)  (67).  HCV  TC-core  was  previously  described  (32).  Plasmids 
used  in  the  HCVpp  entry  assays  (pNL4-3.Luc.R-E,  pcDMS,  and 
pcDM8-EIE2)  were  a  gift  from  Shoshana  Levy  (Stanford  Univer¬ 
sity,  Stanford,  California,  USA).  DENV2  TSVOl  Renilla  reporter 
plasmid  was  a  gift  from  Pei-Yong  Shi  (University  of  Texas  Medical 
Branch,  Galveston,  Texas,  USA)  (68),  and  DENY  16681  plasmid 
(pD2IC-30P-NBX)  used  to  produce  virus  for  the  plaque  assay  was 
a  gift  from  Claire  Huang  (Centers  for  Disease  Control  and  Preven¬ 
tion,  Public  Health  Service,  US  Department  of  Health  and  Human 
Services,  Fort  Collins,  Colorado,  USA)  (69).  Additional  DENY  iso¬ 
lates  and  ZIKY  MR766  were  from  ATCC/BEI  Resources.  Lentiviral 
constructs  used  for  AP2  overexpression  were  cloned  into  the  pRRL- 
SIN  backbone.  rYSY-GP  EBOY  construct  was  a  gift  from  Kartik 
Chandran  (Albert  Einstein  College  of  Medicine,  New  York,  New 
York,  USA)  (69,  70).  Mouse-adapted  N124D/K128E  DENY2  PL046 


was  a  gift  from  Sujan  Shresta  (70,  71).  pCMY-DY2Rep  was  a  gift 
from  Andrew  Yueh  (Institute  of  Biotechnology  and  Pharmaceuti¬ 
cal  Research,  Taipei,  Taiwan)  (34).  Mutations  were  introduced  by 
site-directed  mutagenesis  using  the  QuikChange  kit  (Stratagene). 

Cells.  Huh7  (Apath  LLC),  Huh7.5  (Apath  LLC),  BHK-21  (ATCC), 
and  Yero  (ATCC)  cells  were  grown  in  DMEM  (Mediatech)  supplement¬ 
ed  with  10%  PBS,  nonessential  amino  acids  (Gibco),  1%  L-glutamine 
(Gibco),  and  1%  penicillin-streptomycin  (Gibco)  and  maintained  in  a 
humidified  incubator  with  5%  CO^  at  37°C.  C6/36  cells  were  grown  in 
Leibovitz’s  L-15  media  (CellGro)  supplemented  with  10%  FBS  and  1% 
HEPES  in  a  humidified  chamber  at  28°C  and  0%  CO^. 

Reagents.  The  following  reagents  were  used:  sunitinib  malate 
(Selleckchem),  erlotinib  (LC  Laboratories),  Captisol  (Captisol),  silm- 
porter  (Millipore),  and  Lipofectamine  2000  (Invitrogen).  12g  and  12i 
were  synthesized  by  the  Herdewijn  laboratory  (28);  7737  and  7745 
were  synthesized  by  ACME  Bioscience  Inc. 

Western  blotting  and  antibodies.  Cells  were  lysed  in  M-Per  pro¬ 
tein  extraction  reagent  (Thermo  Fisher  Scientific).  For  phosphor- 
protein  detection,  cells  were  pretreated  with  100  nM  calyculin 
A  (Cell  Signaling),  a  PPl  and  PP2a  phosphatase  inhibitor,  for  30 
minutes  prior  to  lysis.  Liver  tissue  was  homogenized  in  RIPA  buf¬ 
fer  supplemented  with  Halt  protease  and  phosphatase  inhibitor 
cocktail  (Thermo  Fisher  Scientific)  and  100  nM  calyculin  A  using 
0.9-  to  2-mm  stainless  steel  beads  in  a  BBX24  Bullet  Blender 
homogenizer  (NextAdvance).  Clarified  protein  lysates  were  run  on 
4%-12%  Bis-Tris  gels  (Invitrogen),  transferred  onto  PYDF  mem¬ 
branes  (Bio-Rad).  Blots  were  blocked  and  blotted  with  anti-APlMl 
(Abeam,  catalog  abllll35),  anti-AP2Ml  (Abeam,  catalog  ab75995), 
anti-GLuc  (New  England  BioLabs,  catalog  E8023S),  anti-phospho- 
AP2M1  (T156)  (Cell  Signaling,  catalog  3843S),  anti-AAKl  (Abeam, 
catalog  abl34971),  anti-GAK  (MBL  International,  catalog  M0573), 
and  anti-p-actin  (Sigma-Aldrich,  catalog  A3854)  antibodies.  Signal 
was  detected  with  HRP-conjugated  secondary  antibodies.  Band 
intensity  was  quantified  with  Image]  software  (NIH).  See  complete 
unedited  blots  in  the  supplemental  material. 

RNA  interference.  siRNAs  (100-250  nM)  were  transfected  into 
cells  using  silMPORTER  (Millipore)  48  hours  before  infection. 
Sequences/catalog  numbers  are  as  follows:  human  AAKl  and  GAK, 
Silencer  Select  predesigned  siRNA  ID#s22494  and  s5529,  respec¬ 
tively  (Thermo  Eisher  Scientific);  Chlorocebus  sabaeus  (green  monkey) 
AAKl  siRNA#l,  GGUAUAUGUUGGAACCAGATT;  AAKl  siRNA#2, 
GAAUAUUGUGGGUUACAUUTT;  GAK  siRNA#l,  GCAUUAAAGAG- 
GCUAUUAUTT;  GAK  siRNA#2,  CAGCAUCCAUAGGAAAAGATT; 
NT,  Silencer  Select  negative  control  (Thermo  Eisher  Scientific,  catalog 
4390844).  Infections  were  performed  at  48  hours  after  transfection. 
APlMl  and  AP2M1  were  silenced  via  transduction  with  shRNA-express- 
ing  lentivirus  (TRCN00  0  0218336,  TRCN0000060239,  or  Mission 
pLKO.l-puro  nonmammalian  shRNA  control;  Sigma-Aldrich)  and 
selection  on  1  pg/ml  puromycin.  Custom  Cherry-Pick  ON-TARGETplus 
siRNA  library  against  27  kinase  genes  was  purchased  from  Dharmacon 
(see  Supplemental  Table  1  for  gene  and  siRNA  sequence  details). 

Virus  production.  HCY  2a  J6/JEH(p7-Rluc2A)  was  transcribed  in 
vitro  using  Megascript  T7  kit  (Ambion),  and  DENY2  TSYOl,  16681 
(used  for  DENY  in  vitro  assays),  or  N124D/K128E  DENY2  PL046 
(used  for  DENY  in  vivo  infections)  RNA  was  transcribed  in  vitro  using 
mMessage/mMachine  (Ambion)  kits.  HCYcc  and  HCYpp  were  pro¬ 
duced  as  previously  described  (23).  DENY  was  produced  by  electro- 
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poration  of  RNA  into  BHK-21  cells,  harvesting  of  supernatants  at  day 
10,  and  titering  via  standard  plaque  assays  on  BHK-21  cells.  In  paral¬ 
lel,  on  day  2  after  electroporation,  DENV-containing  supernatant  was 
used  to  inoculate  C6/36  cells  to  amplify  the  virus.  For  in  vivo  experi¬ 
ments,  DENV  supernatant  was  concentrated  100-fold  by  centrifuga¬ 
tion  at  50,000  g.  rVSV-GP  EBOV  was  propagated  and  titered  on  Vero 
cells  via  fluorescent-focus  assay  (69). 

Entry  assays.  Huh7.5  cells  were  infected  with  HCVpp  (71, 72)  and 
8  |xg/ml  Polyhrene  for  4  hours.  Firefly  luciferase  activity  was  mea¬ 
sured  at  48-72  hours  after  infection.  DENV2  entry  was  measured  at 
6  hours  after  infection  of  Huh7  cells  by  monitoring  of  Renilla  lucif¬ 
erase  activity.  Luminescence  was  detected  on  InfiniteMlOOO  plate 
reader  (Tecan).  Vero  cells  were  infected  with  rVSV-GP  EBOV  for  3 
hours,  total  RNA  was  harvested  and  reverse  transcribed,  and  EBOV 
GP  transcript  was  quantified  by  real-time  PCR  and  normalized  to 
GAPDH  expression. 

Infection  assays.  Huh7  cells  were  infected  with  DENV  or  ZIKV  in 
replicates  (n  =  3-10)  for  4  hours  at  MOI  of  0.01.  Overall  infection  was 
measured  either  at  48  hours  using  a  Renilla  luciferase  substrate  or 
at  72  hours  by  plaque  assays.  Vero  cells  were  infected  with  rVSV-GP 
EBOV  for  4  hours  and  washed.  At  20  hours  after  infection,  cells  were 
fixed  with  4%  formaldehyde  and  analyzed  on  an  LSR II  cytometer  (BD 
Biosciences)  using  FITC  channel.  Data  were  processed  using  Flowjo 
software.  EBOV  infection  was  carried  out  under  biosafety  level  4  con¬ 
ditions.  Forty-eight  hours  after  infection,  cells  were  formalin-fixed, 
and  infection  was  measured  by  immunofluorescence  using  KZ52 
anti-EBOV  antibody  in  an  Operetta  HCS  using  the  Harmony  software 
package.  Other  viral  infection  assays,  conducted  by  the  Diamond  lah 
(WNV),  IBT  Bioservices  (CHIKV,  RSV,  JUNV),  and  the  NIH/National 
Institute  of  Allergy  and  Infectious  Diseases  (others),  were  performed 
as  summarized  in  Table  1. 

RNA  replication  assays.  HCV  RNA  replication  was  measured  72 
hours  after  electroporation,  as  previously  described  (22).  DENV2  rep¬ 
lication  assays  were  performed  as  previously  described  (34).  Briefly, 
Huh7  cells  were  transfected  with  DNA-launched  DENV2  replicon, 
pCMV-DV2Rep  along  with  TET-ON  plasmids.  Thirty-six  hours  after 
transfection,  viral  RNA  transcription  was  induced  by  doxycycline  and 
shut  down  by  changing  to  doxycycline-free  medium  6  hours  later.  Rep¬ 
lication  was  monitored  by  luciferase  activity  every  day  for  3  days.  Data 
were  normalized  to  activity  at  24  hours  after  induction. 

Infectious  virus  production.  Infectious  HCV  or  DENV  production 
(i.e.,  extracellular  infectivity)  was  measured  in  culture  supernatants  of 
cells  electroporated  with  viral  RNA  for  48-72  hours  and  used  to  infect 
naive  cells  for  48  hours.  Intracellular  HCV  infectivity  was  measured 
by  inoculation  of  naive  cells  with  lysates  of  electroporated  cells  sub¬ 
jected  to  4  rounds  of  free-thawing  and  clarified  at  5,000  g,  as  previ¬ 
ously  described  (22). 

Pharmacological  inhibition.  For  entry  assays,  cells  were  pretreated 
with  the  inhibitors  or  DMSO  for  1  hour  before  and  for  the  duration  of 
the  infection,  followed  by  replacement  with  drug-free  medium.  For 
the  overall  infection,  RNA  replication,  or  infectious  virus  production 
assays,  inhibitors  were  left  in  for  the  duration  of  the  study. 

Gain-of-function  assays.  WT  or  T156A  AP2  or  empty  vector  con¬ 
trol  was  expressed  ectopically  in  Huh7  cells  by  lentiviral  transduction. 
Twenty-four  hours  after  transduction,  cells  were  pretreated  with  suni- 
tinib  and  erlotinib,  infected  with  luciferase  reporter  DENV  at  MOI  of 
0.01,  and  incubated  for  72  hours  prior  to  luciferase  and  viability  assays. 


Live  cell  imaging.  Huh7.5  cells  were  infected  with  concentrated 
HCV  TC-core  (32)  at  MOI  of  1  for  24  hours,  then  transfected  with 
either  API-  or  AP2-mCherry  using  Lipofectamine  2000  (Invitrogen) 
and  seeded  onto  collagen-coated  35-mm  fluorodishes  (World  Preci¬ 
sion  Instruments).  At  72  hours  after  infection,  cells  were  labeled  with 
biarsenical  dye  (1.25  pM)  in  Opti-MEM  at  37°C  for  30  minutes,  then 
washed  3  times  with  IX  BAL  (2,3-dimercapto-l-propanol)  wash  buf¬ 
fer  (Invitrogen)  supplemented  with  500  pM  1,2-ethanedithiol  in  Opti- 
MEM.  The  cells  were  washed  and  incubated  in  prewarmed  imaging 
media  (DMEM-F12;  Invitrogen)  supplemented  with  10%  FBS,  0.1  mM 
nonessential  amino  acids,  1%  penicillin-streptomycin,  and  25  mM 
HEPES.  When  specified,  TC-core-infected  cells  were  incubated  with 
DMSO,  sunitinib  (4  pM),  or  erlotinib  (10  pM)  beginning  at  24  hours 
after  infection.  Time-lapse  images  were  taken  using  a  Leica  SP5  II 
AOBS  Tandem  Scanner  Spectral  confocal  microscope  with  a  xlOO 
1.46  oil  objective  and  a  heated  (37°C)  chamber.  An  average  of  5  mov¬ 
ies  representing  individual  cells  with  15-30  trackable  puncta  each 
were  recorded  per  sample  with  sequential  frames  taken  every  2  sec¬ 
onds.  Individual  core  puncta  run  lengths  and  transport  velocities  were 
calculated  using  the  Manual  Tracking  plug-in  for  Image),  measuring 
the  distance  traveled  (in  any  direction)  between  frames  for  a  respec¬ 
tive  TC-core  puncta. 

Resistance  studies.  DENV4  (BC287/97;ATCC/BEI  Resources,  BEI 
NR-3806)  was  used  to  inoculate  Huh7  cells  at  MOI  of  0.01  and  pas¬ 
saged  every  3  days  by  transferring  of  an  equal  volume  of  viral  superna¬ 
tant  to  naive  cells  under  increasing  drug  selection  (0.5-1. 5  pM,  passag¬ 
es  1-6;  2.5  pM,  passages  7  and  8).  Upon  completion  of  8  passages,  virus 
from  the  resulting  supernatants  was  titered  by  plaque  assays.  SDM25N 
resistance  mutation  in  NS4B  at  passage  8  was  confirmed  by  purifica¬ 
tion  and  reverse  transcription  of  viral  RNA  from  supernatants  of  cells 
treated  with  DMSO  or  SDM25N  as  described  in  the  RNA  extraction 
and  quantification  section.  NS4B  region  was  amplified  with  iProof 
high-fidelity  PCR  kit  (Bio-Rad)  using  primers  NS4B  forward  GAT- 
GTGGAYYTGAGACCAGCYTCAGCATGGAC  and  NS4B  reverse 
AGTCAANACTTCACAGAAAGCCCATGTTGTTCTCATCAA  (N  = 
any  base,  Y  =  C  or  T)  and  sequenced  (Sequetech  Corp.). 

In  vivo  dengue  studies.  AG-129  mice  deficient  in  type  I  and  II IFN 
receptors  were  obtained  from  Harry  Greenberg  (Stanford  University, 
Stanford,  California,  USA).  Mice  were  backcrossed  to  C57B6/6J  for 
«  =  10  generations  to  obtain  congenic  AG-B6  strain.  Age-matched, 
male  and  female  mice  at  8-10  weeks  of  age  were  used  for  all  experi¬ 
ments.  Mouse-adapted  N124D/K128E  DENV2  (5  x  10®  PFU  produced 
in  BHK-21  cells  or  10'  PFU  produced  in  C6/36  cells)  was  inoculated 
retro-orbitally  into  mice  under  general  and  local  anesthesia.  Drugs 
were  administered  at  the  indicated  doses  in  a  total  volume  of 100-200 
pi  per  animal  using  10%  Captisol  as  vehicle.  Drugs  or  vehicle  were 
administered  i.p.  or  orally  once  or  twice  daily  starting  at  the  time  of 
inoculation  or  at  various  time  points  after  inoculation  for  a  total  of 
3-5  days.  Mice  were  monitored  twice  daily  until  the  conclusion  of  the 
experiment.  Moribund  animals  were  euthanized  by  carbon  dioxide 
inhalation.  Serum  was  isolated  from  whole  blood  harvested  retro- 
orbitally  at  48  or  72  hours  after  DENV  inoculation  under  general  and 
local  anesthesia.  Tissues  were  harvested  following  euthanasia  and 
snap-frozen  on  dry  ice  until  further  analysis. 

In  vivo  Ebola  studies.  Groups  of  10  female  C57BL/6  mice  (8-12 
weeks  of  age)  purchased  from  Jackson  Laboratory  were  treated  with 
drugs  or  vehicle  6  hours  before  viral  challenge.  Erlotinib  and  sunitinib 
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were  administered  i.p.  at  the  indicated  doses  in  a  total  volume  of  200 
|rl  using  10%  Captisol  as  vehicle.  A  group  of  10  mice  was  left  untreated 
to  allow  for  interpretation  of  any  survival  seen  in  the  vehicle -treated 
group.  Mice  were  inoculated  i.p.  with  100  PFU  of  mouse-adapted 
EBOV.  Mice  were  then  treated  once  daily  for  a  total  of  10  days  and 
observed  daily  for  28  days  for  lethality  or  clinical  signs  of  disease. 

RNA  extraction  and  quantification.  Total  RNA  from  cells  was 
isolated  using  an  RNA  purification  kit  (Macherey-Nagel).  Mouse 
serum  was  purified  from  whole  blood  using  Terumo  Capiject  Capil¬ 
lary  Blood  collection  tubes  (Thermo  Fisher  Scientific).  Tissues  were 
homogenized  using  0.9-  to  2-mm  stainless  steel  beads  in  a  BBX24 
Bullet  Blender  homogenizer  (NextAdvance).  Total  RNA  from  serum 
and  tissues  was  extracted  with  QIAamp  UltraSens  Virus  kit  (Qiagen). 
cDNA  was  generated  using  a  high-capacity  cDNA  reverse  transcrip¬ 
tion  kit  (Invitrogen).  DENY  RNA  was  quantified  by  qRT-PCR  using 
TaqMan  GEX  master  mix  (Thermo  Fisher  Scientific),  and  AAKl, 
GAK,  EBOV  GP,  and  housekeeping  gene  (GAPDH)  RNA  was  quan¬ 
tified  using  iTaq  Universal  SYBR  Green  Supermix  (Bio-Rad)  on  a 
StepOnePlus  real-time  PCR  system  (Applied  Biosystems).  Primer 
and  probe  sequences  are  as  follows;  DENV2  forward,  GAGAGCA- 
GATCTCTGATGAATAA;  DENV2  reverse,  ACTGTTGCACAGTCGA- 
CAC;  DENV2  probe,  TATGCTGAAACGCGAGAGAAACCGC;  GAP¬ 
DH  forward,  GAAATCCCATCACCATCTTCCAG;  GAPDH  reverse, 
GAGCCCCAGCCTTCTCCATG. 

Viability  assays.  Viability  was  assessed  using  alamarBlue  reagent 
(Invitrogen)  according  to  the  manufacturer’s  protocol.  Fluorescence 
was  detected  at  560  nm  on  an  InfiniteMlOOO  plate  reader  (Tecan). 

Data  analysis  of  combination  drug  treatment.  Synergy/antagonism 
analysis  was  performed  using  the  MacSynergy  II  program  as  previously 
described  (23, 73).  Matrix  data  sets  in  4  replicates  were  assessed  at  the 
95%  confidence  level  for  each  experiment.  Synergy  and  log  volume 
were  calculated.  As  suggested  by  Prichard  et  al.  (73),  such  data  sets 
should  be  interpreted  as  follows:  volumes  of  synergy  or  antagonism  at 
values  less  than  25  |j.M^%  are  insignificant,  those  of  25-50  pM^%  are 
minor  but  significant,  those  of  50-100  pM^%  are  moderate  and  prob¬ 
ably  important  in  vivo,  and  those  of  greater  than  100  |rM^%  are  strong 
and  likely  to  be  important  in  vivo. 

Statistics.  All  data  were  analyzed  with  GraphPad  Prism  software. 
Fifty  percent  effective  concentrations  (EC^^)  were  measured  by  fitting  of 
data  to  a  3-parameter  logistic  curve.  P  values  were  calculated  by  2-tailed 
unpaired  t  test  and  1-  or  2-way  ANOVA  with  either  Dunnett’s  or  Tukey’s 
multiple  comparisons  tests  for  in  vitro  data  sets  and  by  Mann-Whitney 
test  for  in  vivo  data  sets  as  specified  in  each  figure  legend.  Survival  curve 
P  values  were  calculated  by  log-ranked  Mantel-Cox  test. 

Study  approval.  Animal  research  was  conducted  under  a  protocol 
approved  by  Stanford’s  lACUC  (Administrative  Panel  on  Laboratory 
Animal  Care)  and  its  Institutional  Biosafety  Committee  (Administra¬ 
tive  Panel  on  Biosafety)  or  by  the  US  Army  Medical  Research  Institute 
of  Infectious  Diseases  (USAMRIID)  lACUC  in  compliance  with  the 
Animal  Welfare  Act  and  other  federal  statutes  and  regulations  relat¬ 
ing  to  animals  and  experiments  involving  animals.  The  Stanford  and 
USAMRIID  animal  facilities  are  AAALAC-accredited  and  adhere  to 


the  principles  stated  in  the  2005  Guide  for  the  Care  and  Use  of  Labora¬ 
tory  Animals  (National  Academies  Press).  DENY  and  EBOV  challenge 
studies  were  conducted  in  a  biosafety  level  2  (BSL-2)  and  a  maxi- 
mum-containment  BSL-4  facility,  respectively.  Moribund  mice  were 
humanely  euthanized  on  the  basis  of  lACUC-approved  criteria. 
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